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Photonuclear  Data-Abstract  Sheets 
1955-1982 


I.  Introduction 

As  used  in  connection  with  this  collection  of  data-abstract  sheets,  the  term 
photonuclear  data  is  taken  to  mean  any  data  leading  to  information  on  the  electro- 
magnetic matri  x element  between  the  ground  state  and  exci ted  states  of  a given  nuclide. 
The  most  common  types  of  reactions  included  in  this  compilation  are:  (e,e‘),  (y,y), 
( y,y 1 ) , (y,n),  (y,p),  etc.  as  well  as  ground-state  particle  capture  reactions,  e.g. 
(a,y0).  Two  reactions  which  fit  the  matrix  element  criterion  are  not  included  in 
the  compilation  because  of  their  rather  special  nature.  These  are  heavy  particle 
Coulomb  excitation  and  the  thermal  neutron  capture  reaction  (n,y0) . While  the  energy 
region  of  particular  interest  extends  from  0 to  150  MeV,  papers  are  indexed  which 
report  measurements  in  the  region  from  150  MeV  to  4 GeV.  Most  of  the  experiments 
listed  are  concerned  with  the  excitation  energy  range  from  8 to  30  MeV,  the  region 
of  the  photonuclear  giant  resonance. 

The  hierarchical  grouping  of  the  photonucl ear  data-abstract  sheets  wi  thi n the  fi le 
is  by:  1.  Target  Element,  2.  Target  Isotope,  and  3.  by  the  Bibliographic 
Reference  Code  assigned  to  the  paper  from  which  the  data  on  the  sheet  were  abstracted. 
In  this  file,  colored  pages  are  used  to  mark  the  beginning  and  end  of  the  sheets  for 
each  chemi  cal  el  ement.  A brief  historical  sketch  of  the  elementis  given  on  the  divider 
sheet  marking  the  start  of  each  section;  the  information  for  this  sketch  was  derived 
from  references  such  as  the  Encycl opaedi a Bri  tanni ca.  In  those  cases  where  the  sheets 
for  a given  element  make  up  a major  part  of  a volume,  colored  pages  are  also  used  to 
delineate  sections  pertai ni ng  to  the  individual  isotopes  of  the  element.  Each  of  the 
sections  of  the  file,  as  delineated  by  two  colored  divider  sheets,  represents  a 27  year 
history  of  the  study  of  electromagnet! c interactions  in  either  a specific  nuclide  or  a 
specifc  element. 

The  data-abstract  sheets  are  filed  under  the  element  and/or  isotope  in  which  the 
ground-state  el ectromagneti c transi tion  takes  place.  For  example,  the  abstract  sheet 
for  a total  neutron  yield  measurement  for  a naturally  occurring  copper  sample  would 
appear  in  the  elemental  section  of  the  copper  file.  On  the  other  hand,  a measurement 
of  the  62qu  9.73  minute  positron  activity  produced  in  the  same  sample  by  photons 
with  energies  below  the  three-neutron  separation  energy  for  65cu  (28.68  MeV)  would 
be  filed  with  the  sheets  for  ^3qu#  Similarly  a measurement  of  the  ground-state 
neutron  capture  cross  section  in  WOuld  be  filed  under  while  the  correspond!' ng 
ground-state  alpha-particle  capture  cross  section  would  be  filed  under 

At  the  end  of  this  volume  there  is  a master  list  of  the  abbreviations  that  have 
been  used  in  the  index  section  of  the  abstract  sheets.  The  listings  are  those  used 
in  the  final  published  index,  Photonuclear  Data  Index,  1973-1981,  NBSIR  82-2543, 
i ssued  in  August  1982  by  the  U . S . Department  of  Commerce,  National  Bureau  of  Standards, 
Washington,  DC  20234.  In  some  cases  two  notations  are  entered  for  the  same  quantity. 
The  second  entry  is  the  abbreviation  that  was  used  in  one  or  more  of  the  earlier 
published  editions  of  the  index. 


LITHIUM 

1=3 


Lithium  was  discovered  in  1817  by  J . A.  Arfredson  in 
Sweden  while  analyzing  the  mineral  petal ite.  The  name 
lithium  (from  the  Greek,  lithos , "stone")  was  proposed 
by  Jons  Jacob  Berzelius,  a Swedish  chemist  and  one  of  the 
founders  of  modern  chemistry. 
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Magnitude  of  cross  section  much 
smaller  than  that  obtained  by 
Goldemberg  and  Katz  [Can.  J.  Phys. 
32,  49  (1954)].  This  results  from 
using  583  to  obtain  no.  r/erg  and 
changing  the  screening  constant  in 
the  Schiff  formula. 
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Curve  "(b)"  - Heinrich  and  Rubin, 
Helv.  Phys.  Acta  28.  186  (1935). 
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FIG.  L Angular  distnbuuoa  of  l.s.  of  neutrons  of  energy 
^ 10  Mev  from  Li.  Solid  curve  — calculated  from  the  data  of 
refetaaca  2,  dashed  curve  — interpolation  of  the  experimental 
data. 


r»L  Aits. 

toy 


S'- 


Lr-J 


/*• 


K 


S3  a Ji  27  a 

?Ls.. 

FIG.  2.  Angular  distribution  of  ^ 18-Mev  neutrons  from  LL 
Dashed  curve  - interpolation  of  experimental  data. 


Relative  yields  in  table  below  are 
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In  Figure  3 caption:  "neutral 

spectrum"  is  "neutron  spectrum". 
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Helv.  Phys.  Acta  27 , 
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Fig.  4.  Angular  distribution  of  photo-protons  from 
lithium  for  maximum  excitation  energy  of  21 
MeV.  The  smooth  curve  drawn  by  the  least 
square  has  the  form, 

1 +0.2S  sin1 9(1  +0.90  cos  9)»  . 

The  white  dots  quoted  from  the  result  of 
Whitehead111,  for  excitation  with  96  MeV  are 
shown  for  comparison. 
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Data  corrected  for:  nuclear 
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Photoproton  cross  section  found 
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energy  region  examined. 

(Z  = 3,  5,  6) 

Differential  cross  section  data 
given. 
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System  B should  respond  essentially  to  neutrons  having  energies  below  0.6  MeV. 
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Fig.  3.  Photoneutron  cross  section  curve' for  natural  lithium;  System  A,  bin  width  A — 1.0  MeV. 
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Fig.  5.  Integrated  paotoncutron  cro«  lectio  a curve for  mccvmi 
lithium;  System  A,  bin  width  J =-  0.5  MeV. 
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Ucs  mooched  data,  ib>  smootned  dau  (see  text). 
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Fig.  7. 


Slow  neutron  integrated  cross  section  curve  for  natural  lithium;  system  B, 
bin  width  A — 1.0  MeV. 
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Fro.  7.  Effective  cross  sections  for  production  of  fast  neutrons 
»ith  eaery.es  greater  than  10  MeV  solid  circles)  ind  30  MeV 
open  drees)  by  the  55-35-MeV  photon  difference  spectrum.  The 
dashed  curves  are  modified  quasiueuteroo  mooel  predictions  is 
discussed  in  the  text. 


T.cblx  L Comcarisoc  of  present  cross- section  rffanr 
for  production  of  high-energy  photoneutrons  by  55-35-MeV 
tons  sdth  measured  cross  sections  v(y,Tn),  si*n  in  mh,  for  total 
photoneutron  production.  The  present  cross-section  value*  are 
uncertain  by  3 to  10%  because  of  counting  statistics  and  n«wm«ii- 
tadon  errors;  in  addition  ail  values  depend  on  an  absolute  normaii* 
cation  in  terms  oi  the  aeuteron  photodisintegration  cross  section, 
vhica  is  itnown  to  about  10%  at  these  energies. 


Target 

W'4a/du)a‘ 

(£._>  10  MeV)  *{y,T*) 

^Present  Jones  and 

experiment]  Tenviiliger*  Costa  d al> 

Other 

results 

U 

0.7S 

1.0 

Be 

1.0 

2.7 

2-3 

2-3* 

B 

1.0 

1.4 

C 

1-i 

1J 

1.4 

14* 

0 

1J 

1.6 

A1 

2.3 

5.5 

4.6 

3* 

s 

2.1 

4.4 

6-5* 

Fe 

4_2 

16 

12 

Cu 

4.3 

20 

19 

Zn 

4.4 

15 

In 

7.4 

So 

7.0 

T» 

10.7 

95 

TI 

10.7 

Pb 

3-3 

100 

Bi 

13 

U 

16 

65 

• Avers**  cron  jecuou  between  55  and  55  MeV.  i*  read  from  Fits.  4 
and  3 of  Ref.  4. 

— j'r“*d£/50.  a*  caien  from  Fi*.  4 of  Ref.  5 jnd  Table  I of 

* Coet*.  L.  PaiQUAjmi.  G.  Plratuio,  and  L.  Roaaio.  N’uovo  Cimento 
42.  306  < 1966). 

4 G.  3i*fict>.  S.  S.  Ferrom.  R.  Maiv»ao.  and  G.  Ricco.  Nuovo 

C^ncato  42.  144  (1966). 
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REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE 

RANGE 

TYPE  RANGE 

l) 

E.P 

RLY 

THR-999 

C 

999 

MAG-D 

dst 

2) 

E.D 

RLY 

THR-999 

C 

999 

MAG-D 

DST 

3) 

E,T 

RLY 

THR-999 

c 

999 

MAG-D 

DST 

The  differential  cross-sections  of  (y,  P).  (y.  d)  and  ( Y.  0 reactions  on  carbon  for 
and  1200  MeV  maximum  energies  of  photons  and  energy  distributions  of  the  secon* 
dry  particles  were  measured  at  30,  GO  and  120*  of  particle  emission  angles.  Excitation 
..nciion  lor  protons  with  tile-energy  of  07  MeV  is  given  for  the  maximum  incident  photon 
r:.iTgy  from  400  to  1300  MeV.  Dcuteron  to  proton  and  triton  to  deuleron  yield  ratios  for 
.anu-js  nuclei  are  also  shown. 

fiipenment  was  carried  out  at  the  Kharkov  linear  accelerator.  The  particles  were 
c-'.-v'.ui  by  scintillation  counters  after  a magnetic  spectrometer. 

Possible  mechanisms ' of  the  high  energy  photon-nuciel  Interactions  are  discussed, 
.ifigs). 


1)  999  = 1 GEV,  REL  P/D 

2)  1.3  GEV,  REL  P/D,  D/T 

3)  999  = 1 GEV,  REL  D/T 
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G,P 

SPG 

41-999 
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TEL-D  25-400 

DST 

G.D 

SPC 

46-999 
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TEL-D  25-400 

DST 

999=  1.  2 GEV,  REL  D/P 


Table  I.  Values  of  the  parameter  r,  MeV 
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FIG.  4.  The  ratios  Nj/Np  as  a 
function  of  target-nucleus  mass  num- 
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The  measured  secondary -particle  spectra  for 
icinetic  energies  T > 30  MeV  are  well  described  by 
the  expression 

J'a  I dOdTQ  ™ const  T cip  ( — T / r). 


which  is  identical  to  the  formula  for  the  evaporation 
process.  41  In  Table  I we  have  given  the  values  of  the 
parameter  r for  the  nuclei  studied,  at  various  angles. 
The  accuracy  in  determination  of  r is  about  1(7J. 


» o am  n BS-4 13 

1 A C V . 4.«4I 

'JJC3MM.SC  260  10*  °04 


-j.s.  oepartment  zr  ::mmerce 

national  3UPGAUC-  5T  ANCAROS 

PH0T0NUCLEAR  DATA  SHEET  29 


» 


Yu.  P.  Ancuf  ev,  V.  L.  Agranovich,  V.  B.  Ganenko 
I.  I.  Miroshnichenko,  P.  V.  Sorokin,  and  S.  V. 
Yad.  Fiz.  15,  643  (1972) 

Sov.  J.  Nucl.  Phys.  15,  357  (1972) 

METHOO  ’ “ 


V.  S.  Xuz 
Shalatskii 


menko , 


Li  3 

REF.  NO. 


72  An  3 


hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 
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TYPE  RANGE 

G,T 

RLY 
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999 

MAG-D 

DST 

G,P 

RLY 

34-999 

G 

999 

MAG-D 

DST 

G,D 

RLY 

100-999 

G 

999 

MAG-D 

DST 

999=1.  1 GEV 


FTG.  3.  Angular  dependence  of  the  yield  of  tritons  with  momentum 
680  Me V/c  t Ey  ■ 80  MeV)  from  Li’  for  E«  ■ 1 1 00  MeV.  Solid  curve- 
calculation  with  Ep.  (7).  Points:  Q— 21^MeV/c  protons,  A— 9^MeV 
deuterons,  #-1111005. 


“O  rm  N3S-418 

,P  £ V . 7-14-04) 
USCOMM-CC  2501C-P64 


PHOTOMUCLEAR  DATA  SHEET 


30 


■J.i.  DEPARTMENT  OF  COMMERC- 

NATIONAL.  3URSAUOF  5TANOAROS 


P.  Dougan  and  W.  Stiefler 
Z.  Physik  265,  1 (1973) 


«EF. 


EL  EM.  SYM.  A Z 


METMOO 


Li 


I REF.  NO. 


3 


73  Do  9 


egf 


REACTION 

RESULT 
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ENERGY 

SOURCE 
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TYPE  RANGE 

TYPE  RANGE 

G.X? 

ABY 

90-400 
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TEL-D 

DST 

Table  2.  Lithium.  2remsstrnhlung  endpoint  energy:  400  MeV.  Differential  cross- 
sections  in  mtcrobams.sterrad  • MeV  • cq.  quantum.  Quoted  errors:  statisticalin  percent 
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14 

22 

30 

40 

50 

60 

74 

90 
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30.4 
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1.70 

US 
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0.651 
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10 

22 

12 

11 
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13 

13 

16 

17 

13 

16 

31 
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I_54 
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1.12 
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0J39 

0.237 

0.144 

11 

11 

^ 2 
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2 

11 

13 
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13 

17 

17 
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0.2S7 
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3J 
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4.4 

31 

3.3 

4.4 

5.7 
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0.417 

0.367 
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0.0332 

3.3 

19 

14 

14 

16 

19 

3.3 

5.9 

1391 
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3 3 
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6.3 
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5.3 
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»c  h 3S-a  13 

»*V.  7-  I A-  441 

J SC  0*4 M-N  85-0  C 


Fig.  1 Energy  distributions  of  protons  from  iithium  irradiated  with  bremsstrahlur.g  of 
400  MeV  maximum  energy  for  selected  proton  emission  angles.  Note  that  in  this  and 
similar  figures,  error  bars  have  not  in  general  been  drawn.  This  has  been  done  partly 
to  improve  the  clarity  of  the  drawings  and  partly  because  the  statistical  errors  are  so 

small  as  to  be  negligible  on  the  scale  of  the  drawing  

(conti  nued) 
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F!-  9 la  this  figure,  the  straight  lines  show  the  experimental  cross-sections  at  40* 
and  74s  for  E =150  MeV.  The  other  curves  arc  the  same  cross-sections  divided  oy 
? atomic  weight 
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Fig.  6.  The  ratios  of  the  experimental  cross-sections  at  40  and  90  degrees  for  selected 
proton  energies  as  a function  of  atomic  number 


Fig.  3.  Experimental  cross-sections  at  various  angles  for  £'?=  150  MeV  divided  by 
NZ,'A  plotted  as  a function  of  atomic  weight 
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Fi;.  1.  The  :otai  photon  absorption  cross  section  <jtot  for  Li 
ar.d  3e.  One  standard  deviation  of  the  statistical  error  is  by  :'ar 
smaller  than  the  size  of  the  symbols. 
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htf.T&z 
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Fig.  2.  The  total  photor.uclear  cress  ;ecncr.  on  for  Li.  The  er- 
ror bars  indicate  one  standard  deviation  :r.  ccuntmz  statistics 
trom  the  second  spectrometer  i2|.  The  doited  lines  indicate 
uncertainties  arising  from  counting  statistics  in  the  normaliz- 
ing instrument  (2|.  Tins  e-ror  can  v".iy  cause  structures  at 
.east  10  T wide  in  energy,  ire  "aii  line  was  drawn  by  hand. 


Table  1 

Absorber  characteristics  and  relevant  errors 
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3e 
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weight  fg) 

331. dQ  e 0.15 
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length  i cm  t 
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density  fg: cm3) 
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impurities 
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Table  2 

The  moments  of  the  experimental  nuclear  cross  section  distributions  integrated  from  10  MeV  to  the 
energy  £,  and  their  statistical  errors 
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Fig.  2.  Total  pliotonuclcar  cross  section  lor  natural  Li.  The  error  bars 
indicate  one  standard  deviation  of  counting  statistics  from  the  mam 
spectrometer.  The  dashed  lines  along  the  abscissa  indicate  the  uncertainty 
due  to  counting  statistics  in  the  normalizing  spectrometer.  Osculations  of 
the  base  line  within  this  area  arc  possible,  the  period  of  these  oscillations, 
however,  must  not  be  smaller  than  10  “2  in  photon  energy.  The  dashed 
and  dotted  lines  through  the  cross  section  values  have  been  drawn  to  guide 
the  eye. 
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Ti  irons  resulting  i'om  'he  elcctrodisir.tegration  ofrLi  nave  been  measured  at  90s  for  an  incident 
electron  energy  u“  23.3  MeV  o-  eran  enetgy  range  which  ensured  that  only  tritons  emitted  In  the 
two-body  channel  were  detected.  The  elecrroaisintegration  cross  sections  were  converted  to 
equivalent  pnotod’ sin  teg  ration  data  ar.J  .otnpared  to  earlier  results.  Large  discrepancies  arc 
observed.  It  is  found  that  the  ty.'Hl  channel  .ontnhutes  appreciably  to  the  electric  dipole  -urn 
rule  for  ’Li. 
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Differentia]  and  total  cross  sections  for  the  ’LiCy.r/He  reaction  were  measured.  Both  real  and  virtual 
photons  were  used  in  the  experiment  and  gave  seif-consistent  results.  The  data  show  a broad  resonance 
indicating  the  presence  of  positive  parity  states  near  8 MeV  excitation  in  Li.  A calculation  using  in  a-'H 
duster  model  of  Li  was  also  performed.  Poor  agreement  is  found  between  the  calculation  and  experimental 
results. 


[jfUCLEAR  REACTIONS  7Li(y.f)4He,  measured  cr(£;£3,  9a)  and  (E;Et,St)  calcu-4 
^ lated  3H-ar  cluster  model  cross  section. 
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FIG.  2.  The  DO'1  cross  section  for  the  ly,  t)  and  'y,  ct) 
reactions.  The  Lily,  fl4 He  measurement  is  indicated  by 
the  open  circles,  while  the  •Li(y,2)JH  measurement  Is 
indicated  by  the  crosses.  The  dashed  line  is  the  result 
of  the  theory  described  in  the  text.  The  solid  line  is 
only  meant  to  guide  the  eye. 
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FIG.  3.  Even  Legendre  coefficients  found  by  least- 
squares  fitting  the  data  to  Eq.  (4).  The  dasned  line  indi- 
cates the  E 2 strength  in  our  a-:H  cluster  model. 
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Abstract:  t*  pnotcDroduction  on  3He,  li(nat)  and  ?Be  has  been  measured  under 
angles  in  the  P 3 3 resonance  region. 
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Fig.  7.  The  ’Hefd,  yYLi  reaction.  Curve  a — ground  state  cross  section  fthis  experiment),  curve  b - 
resonance  part  of  the  capture  cross  section  (the  energy  dependence  *as  assumed  to  be  tne  same  as 
that  ot  the  JHe(d,  p)‘He  reaction i curve  c — di.Terence  ber-veen  resonance  part  and  total  cross  sect. on 
(direct  part);  curve  d—  calculated  direct  component  of  capture  cross  section. 
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rij.  3.  Section  cificace  duTircniielle  a 90*  de  la  reaction  'H(JHe,  y)*Li  en  fonction  de  l'6ner*ie  d’ex- 
eiutioo  Jana  ‘Li.  au  centre  dc  la  cible.  Lea  barres  norizontaie  indiquent  la  dispersion  en  enerpe  due 
a i'epaisseur  de  la  eioie.  L'erreur  indiquee  pour  la  section  efficace  ne  tient  pas  compte  da  l'errrur 
possible  sur  i'itaionnate  absoiu  (vaieur  maximum  estimea  —20'/,). 
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prises  entre  1 et  5 MeV.  Dans  ce  cas,  les  spectres  obtenus  se  difTerencient  de  celui  de 
la  fig.  1 par  la  presence  d’un  bruit  de  fond  de  basse  energie  du  aux  neutrons  produits 
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Fig.  4.  Integrated  cross  section  of  the  reaction  D(r,  70)5Li.  The  solid  curve  represent! 
a fit  with  the  “one-ievd-approximation  with  constant  background” 
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Fits  were  performed  using  even  polynomials  only,  as  well  as  both  even  ind  odd.  Around 
f,(’Li)  =*  20  MeV  the  •/,  intensity  is  too  small  to  be  fitted  meaningfully. 
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FIG.  S.  Energy  distributions  of  photodeuteroos  from  U‘ 
and  Li'  and  phototntons  from  Li’.  The  scale  of  the  ordinate 
• for  phototntons  is  arbitrary.  . 
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FIG.  9.  Angular  distributions  of  phototntons  of  energies 
’."-30  Mev  for  Li7,  Li‘,  and  3e.  a-Li’;  b — Li*  and  3e. 

The  scale  is  the  same  in  a and  b.  The  errors  are  statis- 
tical. 
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Fig.  1.  The  level  scheme  of  Li6.  Spin  and  parity  values 
indicated  in  brackets  are  not  certain  but  are  in- 
dicated by  the  calculated  sequences  of  T = 0 and 
T = 1 levels  which  are  found  to  be  Independent  of 
assumptions  about  the  two  nucleon  potential  61 
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Fi?.  2.  The  inelastic  form  factor  of  the  level  at  2.139  MeV 
in  Li°.  That  of  the  level  at  4.52  MeV  has  a similar 
shape.  Of  the  pdtai  integrals  ' lp|./,(<p9j  ip;2  md 
l lpi-Alpni  If.—  , -Jje  latter  seems  co'ce  preferred 
The  oscillator  parameter  3'1  = 3.15  fm-  as  iodi- 
cated  by  the  elastic  form  factor. 
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factor  3(2 1^  * 1)  . 
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Fig.  2.  The  measured  inelastic  electron  scattering  spectrum  from  It4  at  - - 101.4  M-*V  ana  = *v.o 

absolute  cross  section  is  found  by  muitiplving  the  animate  scale  bv  1.36  cm-- sterad.  Me\ 

Tabie  1 

The  form  Lac  tor  effect  is  obtained  bv  dividing  the  integrated  electron  cross  section  bv  che  value 
ootained  from  virtual  pnoton  theory  for  a point  scattering  centre.  The  eiiect  is  10  = 3.6  tor  tne 
a -particle  region  and  lo  = 4.3'.  for  the  deuteron  region.  Leading  to  the  given  values  of  r-  . 
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cm--  sterad 


form  NBS-418 

(8-1-43) 

U3COMM-OC  T8338-P83 


.,f'^0EPA,,™eNT  0F  COMMERCE 

NATIONAL.  BUREAU  OF  3TANOARC 


PHOTONUCLEAR  DATA  SHEET  74 


R«.  S. Costa,  S.Ferroni,  V.Watachin,  R.Malano 

Eletn.  Sym. 

A 

z 

Phys. Letters  jf,  308  (1963) 

Li 

6 

3 

Method 

100  MeV  Synchrotron 

Ref.  No. 

63Col 

SO 

Reaction 


E or  AE 


<7d  E 


J it 


Notes 


(7,Tn) 


C-50 


11.5 

26 


*•  rt  »• 


? '&•  I*  Li  C-'.To)  yield  function. 


• rK  - 

j . ,■  ^ 


i i 

ru 


ii_ r 


“■ C ■ — ' 


Fij.  { Tai  cross  section  in  Li°.  the  solid  line  is 
taken  from  ref  31  the  point  » from  ref.  5*. 


?QOM  NBS-418 

(9-1-431 

UlCOMu-OC  II3S4- 


A model  in  which  Li  splits 
virtually  into  an  and  a D is 
considered. 


t 


/ 


f!?.  J.  (v.Tnt  integrated  cross  section  n Li 


u.s-  department  of  commerce 

NATIONAL  3URSAU  OF  3TANOAROS 


PHOTONUCLEAR  DATA  SHEET  75 


PHOTONUCLEAR  DATA  SHEET  75 


E.3.  Bazhanov 
Zhur.  Eksp.  i 
Soviet  Phys. 

METHOD 


, A. P . Komar,  A.V.  Kulikov 
Teoret.  Fiz.  46,  1497-1499  (1964) 
JETP  12,  1014  (1964) 


ui 


REF.  NO. 


Synchrotron 


64  Ba  2 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  range 

TYPE  RANGE 

G.XN 

ABX 

5-60 

C 5-60 

BF3-I 

4PI 

60 

b(Y?xn)dE  = (53.0  ± Q.3)MeV-mb 


a(E  ) 

' V*' 

— z — dE  =4.2  mb 
E . Y 


rms  radius  of  charge  distribution 


1.9  x 


10 


-13 


cm. 


1058 


5t  ab 


FIG.  1.  Variation  of  photoneutron  cross  section  with 
y-ray  energy  for  Li*.  The  statistical  errors  are  indicated. 
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Table  I.  Cross  sections  for  production  of  nrotons  by  eiecnr- 

Electron 

target 

Energy 

angie 

(deg) 

4 BeV 

proton  energy 

(MeV) 

PvIdTJE 
10*®  anYsr  Mi*. 

H 

59.8 

374 

3.3* 

Li. 

59.8 

448 

O.C82 

Li. 

59.8 

363 

0.175 

Li, 

59.8 

332 

0.2S0 

C 

59.3 

37** 

0.425 

Ai 

59.8 

374 

1.19 

H 

63.1 

291 

7.5‘ 

Li, 

63.1 

355 

0.146 

Li. 

63.1 

319 

0.204 

Li, 

63.1 

290 

0.313 

C 

63.1 

291 

1.01 

Al 

63.1 

291 

2.42 

H 

67.1 

208 

16* 

Li. 

67.1 

226 

0.6 

Li. 

67.1 

206 

0.92 

C 

67.1 

209 

2.37 

Al 

67.1 

209 

6.4 

H 

72.1 

124 

46* 

Li, 

72.1 

166 

1.20 

l-u 

72.1 

144 

1.53 
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72.1 

124 

2.46 
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72.1 

119 

2.30 
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109 

2.90 
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6.6 
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16.9 
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42.3 
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337 
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291 

0.76 

Ai 

44.8 
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0.91 
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.41 

52-3 
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4.95 
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124 

25* 
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61.1 

143 

3.95 

C 

61.1 

124 
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61.1 

115 

6.43 

Ai 

61.1 
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10.7 
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61.1 

124 

16.0 

Table  IX.  Cross  section  for  7%-l45  MeV,  lithium  target. 
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dV/dCUE 
(cmVsr  MeV) 

Bremsstrahiung  energy,  335  MeV 

72.1*1 

/0. 13X10"“ 

(cross  section  per  Q) 

61.1*/ 

,0.20X10"“ 

Electron  energy,  335  MeV 

72.1* > 

/ 2.5X  10"“ 

assuming  jY,— 0.02 

61.1*/ 

\4.0X10"** 

Licctron  energy,  1 BeV 

61.1" 

1.8X10"** 

Electron  energy,  4 BeV 

72.1 

1.53X10"" 

• ivxtrnpointcfl  from  C.  Al  d.iU  nf  Tabic  I. 
b iuteryuiated  from  data  ot  Kef.  9. 


FiG.  4.  Cross  section,  divided  by  A,  as  a function  of  A,  for  oroduc- 
mg  protons  of  124  MeV  from  4-3eV  electrons  at  72.1“. 
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the  Li  ( y , t)  He3  reaction. 
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FIG.  1.  Total  energy  distribution  of  photoprotons  from 
Li*.  The  dashed  curve  is  me  calculated  total  energy  dis- 
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FIG.  2.  Excitation  function  of  the  (y,p)  reaction  for  the 
case  when  the  final  He1  nucleus  is  formed  in  the  ground 
state.  The  dashed  curve  3hows  the  extension  of  the  exci- 
tation function  to  the  low  energy  region  with  a form  similar 
to  the  total  cross  section  for  reactions  accompanied  by  neu- 
tron emission. 
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Table  II.  Production  cross  section  for  comparable 
reactions  on  light  nuclei. 
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<rP  in  mo 

— Q in 
MeV 

Ref. 

He‘(7  ,pn)d 

170 

200 
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Fif.  3.  Curve  of  the  integral  section  of  the  whole  complex  of  photoneutron  on  Li*  reactions.  The 
statistical  errors  are  indicated. 


Fig.  4.  Differential  cross  section  of  photoneutron  reactions  plotted  against  £L  for  the  Li*  nucleus. 
The  statistical  errors  are  indicated.  The  histogram  represented  by  a dashed  line  corresponds  to  the 
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Fig.  It.  Energy  distribution  of  phototritons 
trom  Li*  at  £,mix  = 35  MeV.  The  dashed  line 
shows  the  calculated  energy  distribution  of 
tritons  due  to  the  Li*(y,  pd)HJ  reaction. 
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Fig.  12.  Excitation  iunction  of  the  Li*(y  t)HeJ 
reaction.  The  statistical  errors  are  indicated. 
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Fig.  2.  Yield  curve  for  photoprotons  with  energies  4.2-17.6 
MeV  (curve  with  experimental  points;  and  cross  section  for  reac- 
tions with  proton  emission  obtained  trom  the  vicid  curve  by  the 
Penfold-Leiss  method. 
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^ , /a/.lffL  Jj.mo 


Fig.  3.  Yield  curves:  a — photodeuterons  and  & — phocotruons 
in  ihe  energy  interval  5-  17  MeV  (curves  wuh  experimental  points) 
and  cross  sections  for  production  of  deuterons  (rrj  and  tritons 
(<r,>,  obtained  from  the  yield  curves  by  the  Penfold-Leisj  method. 
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The  photo-auolear  reactions  of  Li6  *«ra  studied  at  aswen  aaglt*  fre m 15^  to  150^  with 


reepect  to  the  lneldant  Brweeatrahlung  of  the  oaxlmun  .nr rsr?  -15 .7  lieV.  In  this  «nwrry 
region  tha  U6(]f,H^)He^  reactions  do  not  occur  energetically.  The  foil  of  5-5ng/cn2  rollad 
Iron  99.3£  Li6  natal  «aa  uaad  aa  the  target.  The  product  proton*  of  energies  larger  than 
900KaV  ware  detected  with  the  oathod  of  nuclaar  eoulaion.  Is  tha  proton  energies  are  rather 
loa,  the  effects  of  tha  target  thlclmeas  to  tha  energy  spectrum  were  ocneldared  first  analy- 
tically and  were  atudled  further  by  obaerrtng  tha  alaatlc  acatterlng  on  11  foil  of  1.3  JeV 
protons  accelerated  by  a Tan  de  Graaff  machine.  .taaaonable  agree nant  with  the  analytical 
expaotatlon  was  obtained. 

Bia  energy  spectra  of  the  protena  emitted  fron  Li.6  target  ahoe  an  amlnent  group  at  the 
proton  energy  2?-l  .65  keV.  This  feature  aeeas  to  be  the  aaaa  as  the  rveultr  ahoan  b7 


U) 


Be  ah  an  or  at  al  with  3raana  trahlung  of  Efw«25  MV 
cne  of  the  fallowing  two  processes, 

(1)  Ll6(r,p)He5  ($—4,655  MV)  at  S.^.68  MV  or 

(2)  LiS(/,  pn)3e4  (H— 3-697  MV)  at  B, -9.25  MV . 
Here  Eg  is  the  axcltatlcn  anarsr  Is  LI6. 

The  former  kind  of  interpretation  wee  found 
la  the  literature.^ 

In  tha  latter  interpretation,  the 

reaction  would  proceed  following  the  achecai 
Li6  ♦7^e4ta2*/-«e4+j»o^4^. 

In  thla  csss,  seas  explanation  sust  be, 
hows  war,  prwewn  tad  for  tha  appearance  of  tha 
anlsant  proton  group.  Further  a todies  are 
non  la  progress  both  experlaea tally  and 
theoretically. 


Thla  proton  group  wimild  be  produced  by 
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Tajiue  L Measured  90*  differential  cross  sections  for  ’.he 
reactions  T(,He,7)*Li  leading  to  the  ground  and  first  two  exdted 
states  oi  *Li. 
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Fig.  3.  Measured  90*  differential  cross  section  for  ground-state 
capture  in  the  reaction  T(lHe,7)*Li. 
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Tabu:  ITL  Reported  values  for  the  integrated  phototriton 
cross  section  in  *Li  up  to  /iT  — 25  McV. 


f (r(Ey)dE,  Reaction 

Rcterences  (MeV  mb)  studied 


Niisslin  el  ai .*  26=9*  canture 

Sherman  et  ols  <5  photo 

Barhanov  et  ai*  30_u*u  photo 

Makhnovskii*  10-15  photo 

Present  -vork  9.3=1.4f  capture 


• Reference  2. 

• This  va.uc  disac****  with  the  data  from  Rtf.  2 converted  to  the  inverse 
reaction  using  Eq.  (1). 

• Reference  4. 

4 Reference  3. 

• References  t7  and  !8. 

1 Using  data  from  Rtf.  2 above  21  MeV. 
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E.  D.  Mahknovskii,  Yad.Fiz.4,  349  (1967);  Sov.  J.  Nucl. 
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Fig.  2.  Square  roots  oi  the  reduced  transition  probabilities  lor 
the  2.18  MeV  transition  in  ‘Li  as  a function  oi  q1.  The  curve 
fit*  the  experimental  points,  obtained  at  tliilcrent  scattering 
angles,  with  arbitrary  parameters  2V,  R « and  Ru'-  For  com- 
parison. the  full  point  i*  the  value  taken  from  the  *He(d,y)‘Li 
experiment  *. 


Eg  (MeV) 

to 

co 

w* 

3.362 

rr*  (eV) 

(4.31  r 0234)  -lo-4 
(4.5  = 1.3  ) -lO"4* 

3.33  ±0217 
7.32  ±0.45  c 
3.4  calc.  ■* 

f?lr(fm) 

4.10  ±0.63 

2.31-0.10 

«,;( fm) 

4.5  = 1.4 

ll.u 

RZIRtT 

1.1  ±0.4 
1.06  calc.  0 

1.0  = 0.6 
1.12  calc.  • 

Table  1.  C round  state  radiative  widths  and  ;ran.s,:ir,n 
radii  Rtr  and  f?tr*  of  the  2.13  and  3.56  .MeV  states  oi 
a)  ref.  *.  b)  ref.  l*.  c)  from  Waiio  ct  aL  cil.  in  ref.  l;.  d)  ref. 
c)  ref.  “. 
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b = p- shell  harmonic  oscillator  parameter  of  ground  state 
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Fig.  I.  Plot  of  the  data  with  radiation  tail  subtracted  for  the  115°  runs  on  ‘Li  metal  (99  isotopic 
purity)  and  “C.  The  doited  line  in  the  ‘Li  spectrum  shows  the  continuous  cross  section  assumed 
under  the  first  two  excited  states.  The  dotted  line  on  the  '*C  spectrum  shows  the  actual  size  of  the 
radiation  tail  which  was  subtracted. 
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Fig.  3.  Tran svenc  form  factor  for  electron  excitation  of  the  3.56  MeV  !evel  in  4Li. 


105 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAUS^  ST  ANOAROS 


REF. 

J.  L.  Matthews,  W.  Bertozzi, 
W.  Turchinetz 

Nucl.  Phys.  A1L2,  654  (1968) 

methoo 


S.  Kowalski,  C.  P.  Sargent  and 


ELEM.  SYM. 


Li 


REF.  NO. 


Z 


Page  1 of  2 


68  Ma  1 


- EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,P 

ABX 

LOO 

C 96-102 

TEL-D  40-95 

DST 

Fig.  11.  Comparison  of  bremsstrahlung  photoproton  spectra  from  *Li 
at  45°,  72°,  92°  and  1 14°  with  the  prediction  of  a quasi-deuteron  model. 
The  parameters  of  the  calculation  (defined  in  the  text)  have  the  follow, 
ing  values:  ot  =.  80  MeV/c.  £„  =.  -10  MeV,  - 20  MeV  and 
L - 4.3.  The  dashed  curves  at  the  high-energy  ends  of  the  spectra 
represent  the  effect  of  the  experimental  resolution. 


Fig.  12.  Comparison  of  bremsstrahlung  photoproton  spectra  frem  'L,  at 
60°,  82°,  103°  and  126°  with  the  prediction  of  a quasi-deuteron  moaci. 
The  parameters  of  the  calculation  (denned  in  the  text)  have  the  feiiow- 
ing  values:  i =*  80  MeV/c,  £,  = —10  MeV.  £.,.„  = 20  MeV  anu 
L = 4.3.  The  dashed  curves  at  the  high-energy  ends  of  the  spectra 
represent  the  effect  of  the  experimental  resolution. 
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Fig.  14.  The  ‘Li  pnotoproton  spectra  from  ‘monochromatic"  photons  (£,  = 97  MeV)  formed  by 
taking  the  difference  of  the  102  and  the  9J  MeV  bremsstrahlung  data.  Multiplying  the  given  numbers 
of  counts  per  MeV  by  l.SOx  10_*  converts  the  ordinate  scaies  to  ,ub/ MeV  • sr  per  photon  of  our 
assumed  line  width.  The  shape  of  the  photon  difference  spectrum  is  similar  to  that  of  the  solid  curves, 
whose  origin  is  explained  in  the  text.  The  dashed  curves  represent  the  prediction  of  the  quasi-deuteron 
model.  The  extended  error  bars  and  the  crosses  in  fig.  14if)  refer  to  possible  systematic  uncertainties 

as  discussed  in  the  text. 
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The  absolute  cross-section  was  obtained 
by  measuring;  the  1jT(y.  3a)  yield  and  by 
nortnaiiziui'  the  observed  i:0(y,  ji)  yield 
to  that  measured  by  Maikov  (*).  A breins- 
strahlun^  spectrum  /(./iT)  OC  1/A'r  was  as- 
..umeil  in  the  cross-section  calculation. 
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v4)  V.  X.  Maikov:  Sov.  Phyt.  JETP , 37,  373  (1958). 
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The  phototnton  c rot*  section  of  Li*  has  l>ccn  measured  fxMween  24-  and  35-McV  photon  energy.  This 
work  comnlements  an  earlier  expenment  which  established  the  production  of  the  t.i*(7^)  reaction  by 
giant-resonance  photons  and  measured  the  cross  section  between  19  and  24  MeV.  The  phototriton  cross 
section  of  Li*  falls  monotonicaliy  from  0.46*0.24  mb  at  19  MeV  to  0.1  li0.06  mb  at  35  MeV.  The  integrated 
(7,1)  cross  section  over  this  energy  interval  is  4.9s=2.5  MeV  mb.  The  measured  bremsstrahlung-weighted 
cross  section  is  0. 18a:0.09  mb.  Implications  concerning  the  nuclear  sire  are  discussed. 


Fro.  5.  Phototriton  cross  section  of  Li*.  The  arrow  indicate* 
the  reaction  threshold.  The  cross  represents  the  resuit  of  Rei.  1, 
the  open  drdes  that  of  Ref.  6.  the  solid  drdes  that  of  the  present 
wont.  The  solid  line,  above  19  MeV,  is  an  average  of  the  eaoeri- 
mental  points. 
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-0,75  ±0,91 

0,217 
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* Nach  Abzug  des  (lurch  Gl.  (7)  definierten  transversal  eleictnschen  Antejis. 


Tabelle  3.  Zusammenstellung  der  Ergebnine 
to  def  Yodiegenden  Arbeit  gemessene  Anregungsenergien.  Xl=i  Longitudinal 
elekmscher  (C)  Oder  magnetischer  (Af)  Ubergang  der  Multipolaritdt  X.  B(Xi,  k)  = 
Reduzierte  Obergangswahrscheinlichkeit  am  Photonenpunkt  kmE^ke.  r?(.V2l  = 
Gnandzusiandsstrahlungsbreite.  ("L-— Weisskopfeinheit  nach*.  Cbervemgsradius  R, , 
und  Rtr  gemaB  Gl.  (4).  Fur  den  4,27  MeV-Lbergang  wurde  Rxt=  R.“  angcnommcn. 


Ex  *'■  B(XLk)  r°X.YX) 

(MeV]  [fm--1]  [eV] 


(to'l 


2I83±0,009  C2  25,6  ±1,6  (4,40±0.34)  • 10-4B  16.5  4.23±0.39  \.W±0.20 

3263±0,010  AH  (3,36  — 0,16)  ■ I0-2  3.31  ±0,36"  S.3  2,°(.'i0.I0  I06-<>1' 

4.37  -0.04  C2  7.4  ±2,5  (3.4  ± ;„si  • |0-2  2,2  3.4  12  ~ 


1 Wilkinson.  D.  H..  in:  F.  Ajzenherg-Selove,  Nuclear  spevtiiwcopy,  part  t»,  New 
York  and  London:  Academic  Press  |Up0. 

” Berechnet  unter  BenuUung  der  Anregungsenergien  (Z 1 84  * 0,002)  MeV  brw 
(3,363  ± 0,0<M)  MeV  nach  4s. 
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Fig.  The  variation  of  the  inelastic  form  factor  with  momentum  transfer.  The  curves  represent 
the  normalised  single-particle  model  predictions. 
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Fig.  4.  The  variation  with  momentum  transfer  of  the  longitudinal  differential  form  factor.  The  i 
and  curve  in  fig.  2 are  reproduced  here  for  comparison. 
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F!g-5.  The  cross  section  for  the  reaction  ‘Li(/\  r)*He. 

— results  of  the  present  work 
5 results  of  Bazhanov  et  o/.n 
X results  of  Manuzio  et  al.m 

— results  of  Sherman  et  al.™ 
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Fig.  7.  The  cross  section  obtained  for  the  reaction 
’Lifr,  pd)1  H.  The  theoretical  cross  section  curve 
was  calculated  in  terms  of  the  a— d peripheral 
model.  Only  statistical  errors  arc  included. 
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Fig.  6.  The  angular  distributions  of  phototritons  in  the  reaction  «U(r,  r)M1c  are  shown  in  the  center  of 
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errors  are  included.  The  curves  were  obtained  by  a least  squares  fit  of  the  data  to  /(i?'=c+ocos  «- 
CCOS«*. 
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E:c.  5.  The  *Li  photoproton  cross  sections  obtained  by  unfolding  the  El  virtual  photon  spectrum.  The  90  MeV 
rur.  also  shows  the  real  photon  cross  section. 
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Ex(MeV) 

Ftc.  S.  Measured  cross  sections  for  the  *Li(y,JHe)  and  *I_i(7,t)  reactions  induced  by  reai  photons. 
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A.  M.  Young,  S.L.  Blatt,  and  R.  G.  Seyler 
Phys.  Rev.  Letters  ^5,  1764  (1970) 


EL  EM.  5 YM.  A 


Li 


METHOD 


REF.  NO. 

70  Yo  1 


hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

HE,G 

ABX 

16-36 

D 0-20 

NAI-D 

DST 

1 - 


HE = HE 3 , SEE  68BL1 


3He  LOO  Erverrjy  (MeV) 


FIG.  1.  Resuits  of  the  direct-capture  calculation  for 
the  energy  dependence  of  the  radiation  to  the  gTound 
state  of  *U  isolld  curve).  The  theoretical  crosa  seo- 
tlon  la  normalized  to  the  data  of  Ref.  4,  yielding  a val- 
ue i,!-0.53. 


4 = >2  i6  20  2« 

3 “i  i-CB  Energy  l MeV  i 

nG.  2.  Toe  "reduced  capture-cross- section  ratio" 
v.enned  in  the  text)  for  Vj/y g and  y*/yg,  as  calculated 
•olid  curves).  Comparisons  are  with  data  of  Ref.  4. 


4 3 5 

T ( He,  y)  Li:  S.L.  Blatt,  A.M.  Young,  S.  C.  Ling, 
K.J.  Moon,  and  C.  D.  Porterfield,  Phys.  Rev.  17  6 , 
1147  (1963);  A.M.  Young,  S.L.  Blatt,  J.  F.  Amann, 
and  E.M.  Diener,  Bull.  Amer.  Phys.  Soc.  15,  125 
(1970).  — 
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G.  C.  Li,  I.  Sick,  R„  R.  Whitney  and  M.  R.  Yearian 
Nuci.  Phys.  A162,  533  (1971) 


REF. 


j EL  EM.  SYM. 


Li 


ref.  no. 


71  Li  1 


egf 


R EACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  range 

TYPE  RANGE 

£,£/ 

FMF 

2 

D 200,500 

MAG-D 

DST 

2 = 2. IS 


4,;0 


Li 

f„  « 499  3 MeV 

a * 46.00* 


2-18  MeVrf 

I 


ill  3.4- 


^ 2.0 


I .10 


il 


Ilf 


356 
4.52 
S3  5 

4 

'i . 1 


! r-  L 

■I'iiyW'V  ' 


ELASTIC 

PEAK 


30  25  20  13  10  5 0 

EXCITATION  ELECTRON  ENERGY  IN  MeV 


Fig.  I.  Spectrum  of  scattered  electrons  for  an  incident  energy  of  499.3  MeV.  a scattering  angle  of 
48*.  and  target  thickness  of  745  mg/cm3.  The  spectrum  has  been  corrected  for  relative  channel 
efficiencies  and  has  been  radiatively  unfolded. 
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Table  l 

Elastic  and  2.13  MeV  level  cross  sections  for  ‘Life,  e) 


£.  = 200.0  McV 

£.  = 499.3  McV 

Angle 

(dej.) 

Elastic 

cross  section  (mb/sr) 

2.18  MeV  level 
cross  scction(mb/sr) 

Angle 

(deg.) 

Elastic 

cross  section  (mb/sr) 

2.13  MeV  level 
cross  section  (mb/sr) 

32.00 

(0.967-0.029)10' 1 

(0.214=0.039)10'* 

32.00 

(0.335  —0.025)10"  * 

(0.355=0.033)10  '* 

34.00 

(0.712  —0.021  )10' 1 

(0.155—0.025)10'* 

33.00 

(0.605  ±0.018)  10"  * 

(0.290=0.023)10'* 

36.00 

(0.501  =0.015)10' 1 

(0.156  — 0.024)10'* 

34.00 

(0.451  -0.014)10"* 

(0.247=0.018)10'* 

40.00 

(0.273  =0.008)10' * 

(0.101  —0.01 3)10'  * 

35.CO 

(0.503=0.009)10'' 

(0.215=0.016)10'* 

44.00 

(0. 152=0.005)10' 1 

(0.312-0.086)10'* 

36.00 

(0.233-0.007)10'* 

(0.171=0.014)10'* 

43.00 

(0.920=0.023)  10'  * 

(0.632-0.070)10'* 

33.00 

(0.134  — 0.004)10'* 

(0.116=0.009)10"* 

52.00 

(0.555  —0.017)10' 1 

(0.493-0.050)10'* 

40.00 

(0.603-0.020)10'* 

(0.719=0.053)10'* 

56.00 

(0.316=0.010)10'* 

(0.334-0.033)10-* 

42.00 

(0.334-0.010)10'* 

(0.510=0.033)10"* 

60.00 

(0.138=0.006)10'* 

(0.246-0.025)10-* 

44.00 

(0.162—0.005)10'* 

(0.322=0.025)10"* 

64.00 

(o.ii6=ooo3)io-* 

(0.203  —0.021)  10"  * 

46.00 

(0.S46  —0.025)  10' 5 

(0.202=0.017)10"* 

63.00 

(0.705-0.021)10' 1 

(0.149-0.014)10-* 

43.00 

(0.392—0.01 1)10'* 

v0. 1 16=0.009)10'* 

72.00 

(0.416=0.013)10'* 

(0.960-0.075)10'* 

50.00 

(0.193-0.056)10'S 

(0.754=0.065)10'* 

'6.00 

(0.263-0.003)10'* 

(0.746—0.059)10'* 

54.00 

(0.434  — 0.012)  10'4 

(0.232=0.021)10'* 

30.CO 

(0.164-0.005)10'* 

(0.549-0.043)10-* 

57.00 

(0.123  - 0.004)10'* 

(0.123=0.009)10-' 

34.00 

(0. 103  —0.003)10'  * 

(0.415-0.031)10'* 

59.00 

(0.659=0.042)10'’ 

(0.325=0.062)10'* 

33.00 

(0.671-0.020)10'* 

(0.238-0.025)10-* 

62.00 

(0.143  — 0.013)10' T 

(0.506=0.024)10-* 

92.00 

(0.438—0.013)10'* 

(0.231  —0.019)10'* 

64.00 

(0.43  =0.10  )10'* 

(0.135=0.015)10-* 

96.00 

(0.292  — 0.009)10'  * 

(0.171  -0.013)10'* 

66.00 

(0.725=0.092)10-’ 

100.00 

(0.137-0.006)10'* 

(0.140=0.011)10"* 

63.00 

(0.411  =0.059)10'’ 

70.00 

(0.296=0.049)10'’ 

72.00 

(0.143=0.024)10'’ 

74.00 

(0.115=0.033)10'* 

(0.S0  =0.15  )10"* 

73.00 

(0.111=0.032)10'* 

(0.45  =0.11  )10-* 

31.00 

(0.92  =0.22  )10'» 

(0.17  =0.09  )10'* 

33.00 

(0.77  =0.21  )10'» 

(0.24  =0.05  )10"* 

SS.OO 

(0.56  = 0.23  )10'9 

(0.11  =0.02  )10'* 

94.00 

(0.30  =0.12  )10'9 

(0.33  =0.17  )10"* 

93.00 

(0.26  =0.03  )10'* 

(0.38  =0.16  )10"» 
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; slem.  SYM.  ; A 


Li 


REF.  NO. 

71  Mo  3 


hmg 


REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/ 

ABX 

0-240 

D 500 

MAG-D 

60 

Table  [.  Nuclear  Fermi  momentum  h,  a 
nucleon  interaction  energy  e determined  b 
squares  fit  of  theory  to  quasielastic  peak. 

nu  average 
y least- 

Nucleus 

he 

QAcV/c)2 

(MeV)° 

3 Lis 

ICO 

17 

r,C12 

221 

25 

rrZl 

225 

22 

:oCai0 

251 

Z'-i 

23Nij3*7 

260 

26 

33  * 

254 

33 

50Sn!18-: 

260 

42 

:3T.r31 

265 

42 

5:Pb:,,a 

265 

44 

a7he  fitting  uncertainty  in  these  numbers  is  approx- 
imately *5  M sV/c. 


°7he  fitting  uncertainty  in  these  numbers  is  approx- 
imately MeV . Simple  estimates  for  P give  numbers 

in  reasonable  agreement  with  those  in  the  table. 
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REF. 


R.  Neuhausen  and  R.  M.  Huccheon 
Nucl,  Phys.  A16A.  497  (1971) 


elem.  SYM.  | A 


Li 


REF.  NO. 

71  Ne  1 


egf 


REACT'ON 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

tvpe  range 

TYPE  RANGE 

p V / 

FMF 

3.5 

D SO- 190 

MAG-D 

DST 

Table  l 

Results  of  th*  backward  angle  spectra 


?=3.5o.  5=5.36 


(MeV)  (deg) 

3.562  MeV  level 

5.36  MeV  level 

9 

(fm*1) 

(da/d/2),. 

(da/di2)„ 

F*,  X 10* 

9 

(fm* ') 

(da/d/2),. 

(da/d/2),, 

10J 

'3.4 

130.00 

0.696 

0.0209  - 0.0015 

1.47  ±0.11 

0.687 

0.0048  - 0.0016 

0.34±0.!2 

73.5 

158.61 

0.754 

0.123  —0.006 

1.31  -0.06 

0.746 

0.033  -0.007 

0.40-0.08 

89.3 

158.61 

O.S59 

0.130  —0.006 

1.00  ±0.05 

0.351 

0.076  ±0.010 

0.59-0.03 

S9.2 

153.61 

0.954 

0.102  - 0.007 

0.57  —0.04 

0.946 

0.112  —0.014 

0.63  -0.03 

108.9 

153.61 

1.047 

0.093  - 0.007 

0.37  -0.03 

1.039 

0.203  —0.019 

0.S4-0.0S 

122.9 

153.63 

1.182 

O 

o 

O' 

II 

o 

b 

0.036  — 0.030 

1.174 

0.345  —0.045 

0.32  i0. 11 

127.3 

153.61 

1.226 

0.032  -0.010 

0.063  ±0.0 19 

1.213 

0.435  -0.050 

0.36  ±0.10 

141.9 

153.61 

1.363 

<0.018 

1.355 

0.32  ±0.13 

0.38  —0.14 

159.0 

158.61 

1.525 

0.070  ±0.023 

0.034±0.0I2 

1.518 

1.32  ±0.14 

0.33-0.07 

1 75.3 

158.61 

1.680 

0.43  -0.07 

0.0S8  —0.01 8 

l.o73 

3.1  ±0.4 

0. 64  ± 0.09 

132.6 

158.61 

1.747 

0.64  ±0.16 

0.090  ±0.022 

1.740 

3.3  -0.7 

0.53-0.10 

Table  2 6.  The  form  factors  for  the  transition  to  the  3.36^-McV  level. 

Results  of  the  forward  angle  spectra 


Elastic  data  2. 1 84  MeV  level 


(MeV) 

9 

(deg) 

9 

(fm") 

(da/d/2>u 

(da/d/2)uc 

n. 

9 

(fm-1) 

(da/dfl),. 

(da/df2)„ 

< 102 

99.2 

140.4 

60.00 

52.75 

0.500 

0.237  - 0.014 

0.573  ±0.035 

0.631 

0.0231  ±0.0017 

1.02  ±0.08 

175.4 

65.00 

0.947 

0.277  ±0.0 15 

0.162  ±0.009 

0.94) 

0.101  ±0.005 

1.76  ±0.09 

175.5 

90.00 

1.239 

0.437-0.026 

0.0523  ±0.0035 

1.231 

0.233  ±0.017 

1.02  ±0.07 

(ccnti nued) 
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Fig.  7.  The  form  factor  for  the  transition  to  the  5.36  MoV  level.  The  solid  line  represents  both  the 
f.h.o.  and  f.p.c.  theoretical  fits,  the  dotted  line  the  h.o.  tit. 
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REF. 


E.  Ventura,  C.  C.  Chang  and  W.  E.  Meyerhof 
Nucl.  Phys.  A173 , 1 (1971) 


elem.  sym. 


Li 


methoo 


REF.  NO. 

71  Ve  1 


egf 


reaction 

RXCITATION 

SOURCE 

DETECTOR 

ANGLE 

RESULT 

ENERGY 

TYPE  RANGE 

TYPE  RANGE 

HE,G 

ABX 

20-28 

D 9-26 

NAI-D 

DST 

HE3  BEAM 


EXCl'i'C*:  ENERGY  m (MeV) 


EXCITATION  ENERGY  in  V 


Fif.  3.  Differentia]  cross  section  is  a function  of  £jh«  for  3H(3He,y0)4Li  ax  90*  lab. 


(continued) 


5.  Differential  cross  section  as  a function  of  £j||#  for  the  transitions  to  (he  first  four  cxciteU  states  ] 27 

in  6Li  at  90*  lab. 
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‘u 


Fig.  4.  Anguiar  distributions  of  MU’He.  "0)*Li.  The  curves  are  least-square  fits  of  the  expression 
I r<0)  - ■Ml  + i:,,.la,f»t(cos0)t 


Table  1 


E.\permicniarJH<JMc,”j*l.i  90'  differential  cross  sections  *) 


£jn,Uab) 

£, 

'-••M«.ro^O°  '»•>) 

"'He.  *(90'  lab> 

(MeV) 

(MeV) 

U'b/sr) 

(jibisr) 

8.50 

20.05 

11.9=0.9 

2.4=0. 4 

9.55 

20.60 

10.8=0.8 

2.3 =0.4 

10.60 

21.10 

9.7  =0.7 

2.7  £0.4 

11.60 

21.60 

9.1  =0.7 

2.9  =0.4 

12.65 

22.13 

8.5  =0.6 

3.3  =0.6 

13.65 

22.62 

3.0£0.6 

4.2  £0.5 

14.65 

23.13 

7.7  =0.6 

5.1  £0.7 

15.70 

23.65 

7.0  =0.5 

6.5  =0.8 

16.70 

24.15 

6. 6=0.5 

7.2=0.8 

17.70 

24.65 

6.7  £0.5 

8.3  £0.9 

18.70 

25.15 

6.1  =0.5 

8.9£0.9 

19.75 

25.62 

5. 6=0.4 

9.3  £ 1 .0 

20.75 

26.13 

5.3  =0.4 

9.4  £1.0 

21.75 

26.65 

5.2  =0.4 

9.0  = 1. 1 

22.75 

27.13 

•4.8  =0.4 

8.6  £ 1.0 

23.75 

27.63 

4.6  =0.4 

8.3  £ 1.0 

24.80 

28.20 

4.3  =0.3 

8. 1 £0.9 

25.80 

23.70 

4.3  £0.3 

7. 6 =0.9 

•)  The  errors  shown  include  statistics,  uncertainties  in  the  ieast-square  fitting,  target  thiclcness  md 

non-uniformity,  and  the  error  of  the  JH(p, 

"I'He  comparison  cross  section. 

Table  2 

5H(JHe,; 

•o/Li  angular  distributions  as  determined  from  fig.  4 

^H« 

£. 

H'(S) 

(MeV) 

(MeV) 

13.1 

22-3 

I —(0.16=0.03)^*! 

-<0.91=0.07)/», 

21.7 

26.6 

l-(O.0l£O.O3)/», 

-(1.07=0.07)/', 
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WETHOP 


V.  S.  Kuz'menko, 
Sorokin 


EL  EM.  SYM.  A 


Li 


REF.  NO. 


6 


z 


3 


72  An  11 


hmg 


REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

DETECTOR 

angle 

TYPE  range 

TYPE  RANGE 

E,E/P 

ABX 

0*  20 

D 999 

MAG-D 

20 

proton  angle  is  68.  3° 
electron  angle  is  20 


* SEP  B,  999=1.  18  GEV 


a 

d1*..  • 10JI 

tneor 

-la31 

exn 

d*<j 

exp 

Shell 

!'eV/c 

ca2/sr2;!eV 

cn2/sr2MeV 

^ atheor 

Is 

110 

2.02 

1,06  i 0.15 

0.525  i 0.074 

-to 

4.09 

1.25  ; 0.13 

0.306  * 0.044 

> 

a 

x 


Cress  section  of  the  re- 
action Li‘(e,  e'p)He5. 
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J.  P.  Genin,  J.  Julien,  R.  Lecourneau,  A.  Mougeot,  J.  Rambaut 
and  G.  S amour 
PICNS-72,  p.439  Sendai 


ELEM.  SYM. 

Li 


METHOO 


ref.  no. 

72  Ge  4 


- hvm 


REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  range 

TYPE  PANGS 

E.E/D 

ABX 

-40*  40 

D 515 

MAG-D 

dst 

E,E/A 

ABX 

-50*  50 

D 525 

MAG-D 

DST 

*RECOIL  P MEV/C 


10*32cm2  MtV'V- 


dA^da^^ 


2 


3.- 
<.  - 
3.  - 


4Ui 

(T.iSISMeV  qilSSIm’1 
)a,=  30* 

(T2=:18,2M«V 


2.  - 


1 

0 


-f 


\ 


70,  , flO 

to  -20  0M.v/c  20  IF 


; 


Fig.l 


10‘Mcm2  MeV1  ir~2 


dsi ^ 


*.»'«  4U 

T.  s525M*V  qsKflfm-1 
01  = 33* 

s H.6MW 


f ' f 


70 


JO  9, 


M 30  20  Onlw«  20  ;o  ;o  *3 


Fig. 2 
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PICNS-72,  p.429  Sendai  (see  73  Hi  5) 


K.  Nakamura,  N.  Izucsu, 


ELEM.  SYM. 


Li 


REF.  NO. 


7 2 Hi  8 


- hvm 


reaction 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

oetector 

ANGLE 

TVPE  range 

TYPE  PANGE 

E , E/P 

NOX 

0*30 

D 700 

MAG-D 

DST 

* SEP  ENERGY  RANGE 


60 


y 40 

£ 


20  i 


Is 


* 

lo 


I f 


20  40 

MASS  NUMBER 


"ig . 5.  The  separation  energy  of 
Is  and  Ip  states  as  a function  of 
the  rcass  number. 
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FIG.  1 . Inelastic  electron  scattering  spectra,  b-in  Li*  for  E,  “ 1 1 80 
MeV  and  9 * 24° 40'.  a— in  protons  for  E,  ”1170  MeV  and  9 ■ 24*40'. 
The  solid  line  in  Fig.  a shows  the  radiation  tail  of  the  elastic  scattering 
peak.  Curves  1 , 2,  and  3 in  Fig.  a show  the  results  of  theoretical  calcu- 
lations according  to  the  data  of  ref . 11  with  a*  * 1 50,  1 30,  and  1 20 
MeV/e. 


FIG.  2.  Pion  electroproduction  spectra  from  Li*  for  scattering 
angles  16*50',  32*.  and  55*  (the  quasielastic  scattering  cross  section 
has  been  subtracted)  for  E|  ” 1 180  MeV.  The  arrows  in  the  spectra 
show  the  Fertni  threshold  for  pion  production. 
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FIG.  3.  Ratio  of  the  integrated  crosa 
section  in  La*  to  the  corresponding  suma 
of  the  cross  sections  in  free  nucleons  of 
Li*,  b— in  the  region  of  the  quasieiastlc 
peak,  and  a— in  the  region  of  the 
isobar.  Points:  O— our  measurements, 
•-according  to  the  data  of  ref.  1 3. 
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F^g.  2.  Differential  cross  section  for  photoemission  of  protons  at  90°  to  the 

photon  beam  in  the  following  reactions:  a)  (yPq)  (5He  formed  in  its  IT  = 2/2~ 

ground  state),  b)  ( YP-,  ) (in  the  l/2~  first  excited  state  at  2.6  KeV)  , c)  (yp_ ) 

(in  the  2/2  second  excited  state  at  16.7  MeV) . The  dashed  histogram  was 
drawn  with  allowance  for  the  width  of  the  first  excited  level. 


i t;..  «'» 


Fig.  ,3.  Cress  sections  derived  for  protons  from  reactions  with  thresholds  below 
>-he  vY?2)  threshold.  xhe  lower  (upper)  histogram  corresponds  to  the  assumption 

that  all  the  protons  come  from  the  (YPq)  ( (yp1) ) reaction.  The  points  represent 

the  sum  of  the  cross  sections  for  these  two  reactions  from  the  data  of  rig  2- 
the  *ull  curve  is  the  average  of  the  two  histograms;  the  dashed  cu-ve  gives  the 
neutron  photoproduction  cross  section  oa  [13];  and  the  dash-dot  curve  gives  the 

theoretical  value  of  the  sum  of  the  (yp*  ) , (yp  ) , (yn.) , and  (yn.  ) cross  sec- 
tions L21J  . w J.  L<  i 
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Fig.  1.  The  yields  of  protons  in  certain  energy  intervals  as  functions  of  S 

s Ym 

The  curves  are  isochrcmats  for  the  (yp)  reaction  with  the  He  formed  in  its 
ground  and  first  excited  states  (lower  curves)  and  in  its  15.7  MeV  state  (upper 
curves).  The  arrow  narks  the  kinematic  threshold  for  the  (yp)  reaction  with 
s 

the  He  left  in  its  16.7  KeV  state. 


Fig.  4.  E^,m  dependence  of  particle  yields  from  multipart! 
cions,  and  the  corresponding  cross  sections:  a)  protons,  E 
rots,  Ej  > 4 MeV;  c)  tritons,  E.  > 4 MeV.  The  curve  throu 

points  is  an  approximation  to  the  yield  curve  derived  from 
section.  The  dashed  curves  mark  the  limits  of  statistical 
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Fig.  7.  Energy  distributions  of  protons  (a),  deutaror.s  (b)  , and  tritons  (c) 

from  aultiparticle  photodisintegration  of  °Li.  The  curves  are  theoretical  dis- 
tributions from  three-particle  breakup  [17]  with  allowance  for  the  multiparticle 
photodisintegration  cross-section  curves  (Fig.  4).  The  dashed  curve  is  a 
rather  arbitrary  extrapolation  of  the  part  of  the  proton  distribution  that  pre- 
sumably contains  a large  contribution  from  disintegrations  into  more  than  three 
particles . 
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at  the  present  study. 


Fig.  6.  Distribution  of  SLi(y,pct) 
events  with  respect  to  total  pa’-*--'- 
cle  energy.'  The  Ey  scale  shows ‘the 

relation  between  the  breakup  and  in- 
cident photon  energies. 
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The  4U  analog  of  the  1 1.5  MeV,  0*  state  in  4 Be  proposed  to  explain  the  low  flux  of  high-energy  solar  neutrinos 
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Fig.  1.  Inelastic  spectrum  of  50.4  MeV  electrons  scattered  at 
180°  by  6 Li.  The  reasons  of  the  spectrum  from  about  S.3  to 
9.2  MeV  and  17.5  to  18.4  MeV  are  based  on  32  mC  and 
scaled  accordingly.  The  3.56  MeV  peak  is  based  on  3 mC  and 
scaled  accordingly. 
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Measured  4-  Li(7,  p)  cross  sections  for  £"7  = 60  MeV,  = 45°  and  comparison  with  the  calculations  of  Weise  [3,  10].  The  theo- 
retical results  include  final-state  distortions  and  those  "with  correlations"  are  obtained  for  a Gaussian  momentum-exchange  pack- 
age of  width  A4C  = 100  MeV/c  centred  at  qc  = 300  MeV/c. 
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W.  Weise,  private  communication. 


Fig.  2.  Proton  spectra  from  the  6Lt(7,  p)  and  7Li(7,  p)  reac- 
tions (or£y  = 60  t 1 MeV,  3p(lab)  = 45° . Excitation  energies 
in  the  residual  nuclei  are  also  shown.  The  arrows  in  each  spec- 
trum indicate  the  location  of  the  s-shell  peak  observed  in  the 
(p,  2p)  reaction  [8]. 
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Fig.l  Deuteron  coincidence  data  at  E = 2.7  GeV,  0g  = 13.3° 

a)  Double-differential  cross  section,  depending  on  the  energy  cf 
scattered  electrons,  integrated  over  deuteron  energies  and  angles. 

b)  Double-differential  cross  section,  depending  on  the  deuteron 
energy,  integrated  over  electron  energies  and  deuteron  angles. 

c)  Deuteron  angular  distribution,  integrated  over  electron  and  deu- 
teron energies.  The  area  under  the  experimental  points  is  norma- 
lized to  1. 

d)  Momentum  distribution  of  the  residual  nucleus,  computed  using 
the  data  a)  - c ) . 
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Fie.  2.  Proion  momentum  distributions.  See  fig.  1 for  the 
meaning  of  the  curves  in  a)  and  b). 
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Fig.  1.  Separation  energy  specm.  The  solid  curves  show  the  DWIA  results  with  the  Woods-Saxon  potentials,  In  a),  b)  and  c)  the 
dot-dashed  curves  represent  the  DWIA  calculation  with  the  harmonic  oscillator  potential  given  in  ref.  [5|.  and  the  dashed  curves 
show  the  multiple  collision  background  calculated  by  the  Monte  Carlo  method.  -j 
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Cross  sections  for  quasielastic  scattering  of  1 1 84-MeV  electrons  on 
Li*  (a),  Li7  (b),  and  Be*  (c)  vs  energy  E'  of  electrons  scattered  at  26° 5 O', 
29°,  and  3 1°6\  The  curves  l,  2.  3 represent  calculations  based,  respec- 
tively, on  allowance  for  the  pton  contribution,  on  the  Fermi  gas  model, 
and  on  the  single-particle  shell  modeL 
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Remark.  P is  the  oscillator  parameter,  (r7)*, is  the  rms  charge  radius  of  the 
nucleus,  ?F  is  the  Fermi  momentum. « is  the  mean  nucleon  binding  energy  for  q J 
400  MeV/c;  all  these  experimental  values  were  obtained  for  quasieastic  electron  scat- 
tenng  on  the  light  nuclei  Li*.  Li7,  and  Be’ ; (r1^^  is  the  experiment  rms  radius  de- 
rived from  elastic  electron  scattering  on  the  same  nuclei.  [ lcrJ 
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F;g.  4.  Results  of  the  width  of  the  3.56  MeV  level  in  8Li  measured  by  different  authors.  NRF 
denotes  nuclear  resonance  fluorescence  and  ES  denotes  electron  scattering.  Lower  two  rows 
'cpresent  the  theoretical  results. 


The  bremsstrahlung  beam  from  a 5 MeV  electron  linear  accelerator  was 
used  to  excite  and  study  low-lying  levels  in  cLi,  -lB  and  :7A1.  A seif-acsorp- 
tion  method  was  used  to  find  the  widths  r of  these  levels.  The  following 
level  widths  are  obtained : r = (6.5;J;l)eV  for  the  3.56  MeV  level  insLi;T  = 

(0.23  = 0.09)  eV  for  the  2.12  MeV  level,  and  r = (0.53  = 0.21)  eV  for  the  a.ua 
MeV  level  in  li8.  For  the  2.93  MeV  level  in  -TAl,  the  level  width  is  found 
to  be  r = (0.10  = 0.04)  eV  assuming  that  the  lower  energy  member  of  ;he 
doublet  at  3 MeV  s excited. 
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TABLE  I.  Photoproduction  yield  as  a function  of  the  energy  of  the  elec- 
tron beam. 
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FIG.  1.  (a)  Coefficient  a p of  the  photoproduction  on 
proton  as  a function  o:  the  lab  photon  energy  above 
threshold.  The  line  indicates  the  best-fit  value  a p. 

(b)  Coefficient  aL1  of  the  photoproduction  on  "Li  normal- 
ized to  the  average  a,  as  a function  of  the  lab  photon 
energy  above  threshold.  The  position  of  the  continuum 
and  the  2*  levei  in  "He  are  also  shown. 
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Electron-beam  energy 
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Photoproduction  yield 
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8 LI 

145.68 
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M.I.  Adamovitc’n  et  al . , Yad.  Fiz.  _9,  848 
(1969);  Sov.  J.  Nucl.  Phys.  9.,  496  (1969). 


2.o  (Me'/) 


FIG.  2.  Total  phocoproduction  cross  section  for  ’Li  - 
theoretical  prediction.  Ref.  9.  The  errors  include  the 
It  is  0.54  times  the  value  from  Ref.  9. 


' ^et.s.  * T found  in  this  experiment  comoared  to  the 
inaccuracy  of  o>.  Ref.  10.  The  dashed  curve  is  our  best 
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The  reactions  sLi(e,e'a)  and  *Li(e.e  d)  have  been  studied  at  T ^ * 520  MeV  and  q «•  1.4  fm"1 . by  coincidence 
measurements.  The  angular  dependence  of  the  cross  sections  a interpreted  in  the  piane  wave  impulse  approximation 
to  obtain  the  momentum  distribution  of  a-parncle  and  deuteron  clusters  in  SL:.  The  amount  of  clustering  of  6 Li  is 
also  discussed. 


*M0M  TRANS  MEV/C 


Fig.  1.  Missing-energy  spectrum  for  the  (e,e  a)  reaction  on  4 Li 
at  k-i  = 0 MeV/c.  T0  = 525  MeV,  8,  = 33“ ; cy  = 1.T9  fm'1,  tar- 
get thickness  = 4.5  mg/ cm*  (the  angle  between  target  plane 
and  incident  beam  is  50').  No  corrections  have  been  applied. 


Fig.  3.  The  (e.e'd)  coincidence  cross  section  as  a function  of 
83.  The  iunematical  conditions  are  T0  = 515  MeV,  8,  = 30  , 
q = 1.33  fm"1 , T-  = 18.2  MeV.  The  curve  is  the  best  fit  in 
PWIA  for  'To  - 74  MeV/c,  Pq  = 0.073  and  A8:  = -0.58'. 


Fig.  2.  The  (e,e  a)  coincidence  cros:  section  is  a function  of 
3i.  The  kinematical  conditions  are  r3  = 525  MeV,  8 t =33', 
q = 1.49  fm"* , Tj  = 11.5  MeV.  The  curve  is  the  best  fir  in 
PWTA  for  Qo  = 78.1  MeV  c.  ?3  = 0.19  and  ±9q  = -0.21°. 


PO«M  N3S-4  18 

a£V.  7-  t Am  44> 

USC  OMM-N  as-oc 


PHOTONUCLEAR  DATA  SHEET  143 


■j\s.  department  of  commerce 

NATIONAL  3UREAUOF  STANOARCS 


N.V.  Goncharov,  S.G.  Tonapetyan,  and  7.M.  Khvorostyan 
ref.  Tad.  Pi z.  19,  21  (1974) 

Sov.  J.  Nucl.  Phys.  19^,  10  (1974) 


ELEM.  SYM. 

Li 


REF.  NO. 


74  Go  1 


hmg 


RESULT 

EXCITATION 

SOURCE 

OETECTOR 

ANGLE 

REACTION 

ENERGY 

TYPE 

RANGE 

TYPE  RANGE 

G.PI+ 

ABY 

150-400 

C' 

400 

BBL  -D 

90 

G,  PI- 

ABY 

150-400 

c 

400 

BBL  -D 

90 

G,P 

ABY 

4-400 

G 

400 

BBL  “D 

90 

A 

FIG.  3.  Mass-number  dependence  of  the  yields  of  t mesons  (points 
■a,  cunre  1 ),  protons  (points  ■,  curve  2),  and  the  sum  of  the  T-meson 
and  proton  yields  (points  •,  curve  3).  The  dashed  lines  are  the  data 
from  ref.  6. 
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See  further  analysis  of  this  data  in  reference  79 Zi  1 
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FIG.  1.  The  measured  quasielastic  peaks;  die  errors  on  the  data  points  do  not  include  an  over-ill  3 <>  normalization 
uncertainty.  The  solid  curve  i3  a fit  by  the  Fermi-gas  model  which  yielded  (in  MeV/c)  and  F (in  .MeV)  as  follows; 
la)  ‘u  ao9.  17);  (b)  :?C  (221.  25);  (c)  :<Mg  (235,  32);  (d)  ,0Ca  (249,  33);  (e)  a-?Ni  (260,  36);  (0  39Y  (254,  39);  g) 
l!,-:Sm  1260.  42);  (fe)  's,Ta  (2G5,  42);  ii)  :39Pb  (265,  44).  The  fitting  uncertainty  in  is  ±3  MeV/c  and  in  F it  is  ± 3 
Me  V . The  small- amplitude  dashed  curve  is  the  s-ivave  ~ -product,  or*  contribution,  the  doc-das  lied  curve  is  the  ; jchur 
excitation,  and  die  lar^e-amplicuce  dashed  curve  is  the  coral  result. 
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6 


3 
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excitation 

ENERGY 

SOURCE 

DETECT  0 R 

ANGLE 

type  RANGE 

TYPE  RANGE 

S,E/ 

FMF 
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D 30-  60 

MAG-D 

DST 

Table  3 

Experimental  data  for  the  sLi  j*  (2.18  MeV)  state 


£o(MeV) 

9(de  g)  <7tfm“‘) 

i/l;* 

lCPxZ,. 

102  X |fu' 

1 io*x|fy*» 

Error  (%) 

X1/" 

59.81 

150 

0.569 

0.561 

1.351 

0.753 

0.758 

6.3 

11/38 

59.81 

150 

0.569 

0.561 

1.298 

0.729 

0.729 

6.2 

17/38 

59.91 

130 

0.535 

0.600 

1.050 

0.630 

0.630 

6.7 

10/38 

59.91 

130 

0.535 

0.600 

0.938 

0.562 

0.562 

7.2 

9/38 

59.91 

110 

0.485 

0.661 

0.599 

0.396 

0.396 

5.2 

11/38 

59.91 

110 

0.435 

0.661 

0.711 

0.470 

0.470 

7.6 

5/38 

59.91 

110 

0.485 

0.661 

0.686 

0.453 

0.453 

7.9 

16/33 

59.91 

90 

0.419 

0.740 

0.390 

0.289 

0.306 

12.5 

11/28 

60.02 

70 

0.341 

0.343 

0.135 

0.156 

0.156 

20.8 

23/28 

59.95 

70 

0.341 

0.845 

0.213 

0.180 

0.180 

19.6 

11/23 

59.95 

70 

0.341 

0.845 

0.194 

0.164 

0.164 

20.4 

12/23 

59.95 

70 

0.341 

0.345 

0.167 

0.141 

0.141 

23.6 

7/28 

Ground-state  charge 
e - 0.453  ±0.05  fm. 

distribution  parameters  ”): 

<7  = 0.934- 

:0.004  fm,  b = 

1.203  ±0.11  fm. 

Table  4 

Results  of  the  best-fits  by  allowing  both  5(E2()  and  as  free  parameters 

Assumptions 

Results 

Z 

3L.(fm) 

«-» 

a* 

a* 

<»s 

Z^fX^-b2) 

z*/» 

u“Cd 

48 

4.624 

1.045 

0.983 

1.056 

1.158 

1J23 

0-553  ±0.018  33.1  ±i.O 

1.12 

«°Ni 

23 

3.362 

1.075 

0.976 

1.078 

1.024 

1.471 

0.102±0.004  31.9  ±2.0 

0.60 

*Li 

3 

2.540 

1.208 

0.941 

1.189 

1.572 

2-290 

(0.218=0.008)  x 10- 2 1 7.6  ± 1-2 

1.05 

Table  7 

Best  fits  of  Z'J*  with  BfE2|)  fixed 

Zf,(fm2) 

Statistical 
error  (fm2) 

Systematic  Total 

error  (fm1)  error  (fin2) 

-2/_ 
Z in 

■S(E2t)(r*-b3> 

assumed 

“*Cd 

35.7 

±0.6 

±0.3  ±0.9 

1.19 

0.512±0.05 

«°Ni 

27.5 

±1.1 

±0.2  ±1.9 

0.66 

0.0926±0.15 

2.18  MEV  3+ 
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Summary  of  .B(E2f)  values  for  t he  4Li  3*  (2.18  MeV)  stats 


10ixB(E2|)(e,-b3) 

Type  of 
experiment 

Ref. 

0.244 

(e.O 

0.256 ±0.0 16 

(e.O 

**) 

0.251  ±0.020 

(e.O 

4T) 

<0.082 

O'./) 

4t) 

0.262 ±0.076 

*He(d,y)*Li 

**) 

0.30  ±0.03 

(e.  e) 

,0) 

0.32  ±0.03 

(*»  o 

J‘> 

22)  L.  R.  Sueizle,  M.  R.  Yearian  and  H.  Crannell,  Phys.  Rev.  162  (1967)  992 

45)  R.  M.  Hutcheon  and  H.  S.  Caplan,  Nucl.  Phys.  A127  (1969)  417 

46)  F.  Eigenbrod,  Z.  Phys.  223  (1969)  337 

47)  F.  Eigenbrod,  Z.  Naturf.  23A  (1968)  1671 

48)  W.  L.  Creten,  R,  J.  Jacobs  and  H.  M.  Ferdinande,  Nucl.  Phys.  A120  (1968)  126 

49)  H.  Wahl,  thesis,  Univ.  of  Hamburg,  1967  (unpublished) 

50)  M.  Bemheim  and  G.  R.  Bishop,  Phys.  Lett.  5 (1963)  270 
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REACTION 

RESULT 

ENERGY 
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TYPE  RANGE 

A,  G 

ABX 

4 

D 6-8 

NAI-D 
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4=3.562  LIMIT  ON  SIG 


TaBL£  1 

Summary  of  experimental  results  for  the  heavy-particle  width  Pu  of  the  £;  = 3.562  MeV,  Jn  =•  0", 

T =»  1 state  in  4Li 


Author 

Year 

Ref. 

ru  (eV) 

WUiinsoa 

1958 

5) 

S 0.2 

Wahl 

1967 

‘) 

< 0.25 

Rasmussen  and  Swann 

1969 

■) 

< 1.3 

Artemov  et  al. 

1972 

•) 

< 0.2 

Present  experiment 

1974 

g 0.017 
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METHOD 


REF.  NO. 

75  Be  5 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

angle 

TYPE  PANGS 

TYPE  RANGE 

E,E/ 

LFT 

3 

D 35-125 

MAG-D 

DST 

Ground  state  radiation  width  = 3.16±0.19  eV. 


3=3.562  MEV 


Table  1 403 


‘Life.  e')  kinematic  parameters  and  experimental  results  for  the  O'*  (3.562  MeV)  T = 1 state 


E0  (MeV) 

9 (deg) 

9i«.i  (fra*1) 

a’lo.u'ff.i  x 

IF^iiSa  *ioj 

124.90 

140.7 

1.153 

1.47  ±0.11 

o I44±0 01 1 

119.26 

1.101 

2.09  ±0.09 

0.246  ±0.0I 1 

107.60 

0.994 

2.31  ±0.11 

0.478  ±0.019 

97.14 

0.S97 

3.33  =0.09 

0.789  ±0.020 

86.58 

0.799 

3.73  ±0.07 

1.18  ±0.02 

76.62 

0.706 

3.56  =0.09 

1.46  ±0.04 

70.26 

0.647 

3.56  ±0.07 

1.70  ±0.04 

65-54 

0.603 

3.38  ±0.07 

1.30  ±0.04 

54.58 

0.500 

2.69  ±0.05 

1.80  ±0.03 

48.84 

0.446 

2.32  ±0.04 

1.73  ±0  03 

43.75 

0.398 

1.98  =0.04 

1.60  ±0.03 

38.99 

0.353 

1.62  ±0.03 

1.41  -0.03 

72_35 

99.9 

0.544 

0.694  ±0.0 19 

1.86  ±0.05 

6Z68 

0.470 

0.578  = 0.011 

1.81  =0.04 

53.65 

0.400 

0.443±0.01 1 

1.57  ±0.04 

46.76 

0.348 

0.361  ±0.007 

139  ±0.03 

40.90 

0.303 

0.297  ±0.007 

1.21  ±0.03 

35.04 

0.257 

0.21 9 ± 0.0 1 0 

0.943  ±0.043 

Fig.  2.  The  3.562  MeV  Ml  form  factor  as  measured  tn  the  present  experiment  combined  with  the  high-? 
Mainz  data.  The  lines  represents  fits  based  on  the  two  sets  of  T =»  1 configuration  amplitudes. 
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TVt»E  RANGE 
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LFT 

3 

D 3 

3CD-D 

90 

3=3 . 562, LIMIT  ON  LFT 


Summary.  — An  experiment  is  reported  on  the  parity- violating  reaction 
d(a.  y)"Li.  leading  to  the  Jr  = 0*,  2=1.  Ex  = 3.562  MeV  state,  which, 
being  a \I  = 1 transition,  could  be  strongly  enhanced  by  the  presence  of 
neurral  currents  in  hadronic  weak  interactions  in  nuclei.  The  experiment 
has  been  carried  out  by  exposing  a deuterium  target  to  a beam  of  x-particles 
reaching  the  resonant  energy  in  the  region  in  the  middle  of  the  tube 
containing  the  gas.  Gamma-rays  from  this  region  are  detected  by  a 
90  cm1  Ge(  Li)  counter  connected  to  a 4090  channel  analyser  through  au 
amplifying  aud  analysing  chain.  The  various  sources  of  the  background 
of  spurious  counting  in  the  Gel  Li)  and  the  procedure  adopted  to  reduce 
their  effect  are  discussed.  TYe  find  no  evidence  for  a nonzero  parity- 
violating  width  of  the  3. 562  MeV  state  of  *Li  and  can  set  an  upper  limit 
for  this  width  of  S • 10-'1  eV,  which  is  an  order  of  magnitude  or  more  lower 
than  that  obtained  in  the  previous  experiments  on  thi3  reaction. 
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REACTION 
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VIRTUAL  PHOTON  ANAL 
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CM 


Fig.  2.  Angular  distribution  for  the  (7,  t)  reaction  at  £x  = 26.7  MeV  and  the  (7,  3 He)  reaction  at  £x  = 43.5  and  59.0  MeV. 


F12.  1.  The  90s  differential  cross  section  for  the  4Li(7.  t)  reaction.  For  £x  > 30  MeV  the  cross  section  is  obtained  by  detecting 
the  3He.  The  solid  line  is  the  calculated  result  using  the  wave  function  of  ref.  [7] . The  snaded  portions  are  the  experimental  result 
of  the  3H(3 He,  7)6Li  reaction  [5,  6j . 
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Table  1 

Dipole  sum  rules  in  6 Li 


£max  = 32  MeV 

4”max  = 

70  MeV 

(7,  N)a) 

(7.  t)b> 

Total 

(7.  >f)c) 

(7.t)b) 

Total'*) 

<7o  (mb/MeV) 

27  t 2 

17  : 1 

44.5  ± 3 

53  ± 

1 21  ±1 

32 

j (mb) 

1.9:  0.1 

0.77  ± 0.03 

2.62  ± 0.13 

4.2 

0.78  : 0.03 

5 

<T_  jOi'o/’MeV) 

150  t 10 

36  i 2 

186  t 12 

270 

38  i 2 

308 

a)  Ref.  [1J. 

b)  Present  work. 

c)  Ref.  [2]. 

^ The  result  of  ref.  [21  is  extrapolated  to  70  MeV. 

^B.L.  3erman  et  al . , Phys.  Rev.  Lett.  L5  (1965)  727. 

2 

E.3.  3razhanov  et  al . , Nucl . Phys.  68_  (1965)  191; 

S.B.  Brazhanov  et  al.,  JETP  19_  (1964)  1014. 

DS.L.  Blatt  et  al. , Phys.  Rev.  176,  1147  (1968). 

6 

E.  Ventura,  C.C.  Chang  and  W.E.  Meyerhof,  Nucl.  Phys. 
173  (1971)  1. 

7D.R.  Thompson  and  Y.C.  Tang,  Nucl. Phys.  A106  (1968)  591 
A.M.  Young  at  al . , Phys.  Rev.  Lett.  25  (1970)  1764). 
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Abstract:  The  form  factor  for  the  alpha-deutercn  continuum  in  sLi  has  been  measured  in  the  excitation 
region  within  2 MeV  of  threshold,  for  momentum  transfers  q < 1.2  fm"1.  The  results  are  inter- 
preted in  terms  of  an  z-d  cluster  model.  The  monopole  breakup  appears  to  be  predominant  near 
threshold,  but  the  influence  of  the  J = 2*  (4.31  MeV)  quadrupole  resonance  becomes  important  a 
few  MeV  above  threshold.  The  form  factor  for  the  C transition  to  the  3*  (2.185  MeV)  state  is  also 
presented. 


Fig.  2.  Momentum  transfer  dependence  of  the  continuum  form  factor  near  the  a-d  threshold.  The 
theoretical  monopole  excitation  is  shown  by  the  small  dash  curve,  the  J = 3 quadrupole  by  the  large  dash 
curve,  and  the  tail  of  the  J =»  2 quadrupole  resonance  by  the  dot-dash  curve.  Tne  main  part  of  the 
3*  (2.185  MeV)  resonance  is  not  shown,  as  discussed  in  the  text.  The  error  bars  are  stansucal  anil  do  not 
reflect  the  uncertainty  in  the  elastic  peak  radiation  tail. 


Fig.  3.  Form  factor  of  the  J =•  3^  quadrupole  excitation.  Tne  data  from  Mainz  has  been  recalculated 
using  the  elastic  parameters  of  Li  el  ai. 
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Fig.  4.  Energy  dependence  of  F1(q,  to)  for  fa)  q = 0.65  ftn~l  and  fb)  q s:  1.15  fm~‘.  The  calculated  peak 
u Ea  =»  2.1 35  MeV  is  not  shown.  The  contribution  from  the  5.37  MeV  level  is  obtained  by  a fitting 
procedure  and  is  not  a theoretical  prediction. 
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Fig.  12.  The  7Li(y.  p)4He  cross  section  at  = 453  as  a function  of  photon  energy:  solid  circles,  present 
measurement  for  ground  +1.3  MeV  states:  open  circles,  results  taken  from  ref.  '*).  The  latter  aau 
have  been  convened  to  c.m.  cross  sections  and  corrected  by  the  factor  <±£Vd£  which  was  apparently 
omitted  from  the  published  results  [see  ref.  '*)].  The  theoretical  curves  are  discussed  in  sect.  6. 

Table  1 


Cross  sections  for  the  4Li,  7LL  ’He  and  1JC(y,  p)  reactions  at  £.(lab) « 60  MeV,  9a(lab)  = 45°  populating 
the  excitation  energy  regions  £,  = 0-9  MeV  and  9-26  MeV  in  the  residual  nuclei 


(d<r/dfl)e”' 

(ub/sr) 

Target  nucleus 

residual  nucleus  excitation  energy  £ 

0-9  MeV 

9-26  MeV 

4Li 

5. 5 + 0. 6 

12.2  ±2.0 

7 Li 

9.5 + 0.3 

14.7-3.0 

’Be 

31.8  + 3.0 

>JC 

36.4±  3.9 

Only  statistical  errors  are  tabulated:  there  is  an  additional  common  systematic  error  cf  ±22 


Table  5 


Total  cross  sections  at  £7(!ab)  » 60,  80  and  100  MeV  for  the  reactions  4Li(y,  p)3He  (ground  state 
+ 2.6  MeV  state),  7Li(y,  p)4He  (ground  state  + 1.8  MeV  state)  and  lIC(y,  p)*'B  (ground  state,  2.1,  4.4, 
5.0  and  6.7  MeV  slates  in  several  combinations) 


£ (lab) 
(MeV) 

Total  cross  section  (/ib) 

4Li(y,  p„+p,) 

'Li(y,  p0  + pt) 

lJC(y,  p) 

Po 

Po  + Pi 

Po  + P,+. 

•Pa 

60 

34.1  + 1.6 

43.8  ±1.2 

148.9±4.6 

182.7  ±5.3 

238.1 + i 

11.7 

80 

11. 39  ±0.39 

44.9  ±2.1 

48.4  + 20 

65.4  + 

3.9 

100 

170+1.4 

19.6+  1.1 

(continued) 


The  errors  shown  are  statistical.  There  is  an  additional  common  systematic  error  of  +22  *2- 
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scale  above  each  spectrum  gives  the  excicauon  energy  in  the  residual  nucleus,  with  lines  indicating  the 
positions  of  known  eiated  states.  The  location  of  the  1 s shell  peak  observed  in  the  (p,  2p)  reaction  is  also 

marked. 
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FIG.  2.  Electrodisintegration  theory  and  deuteron 
energy  distributions  at  four  laboratory  angles  for  an  In- 
cident electron  energy  of  23.3  MeV;  lb)  shows  the  £2 
and  £0  contributions  to  the  differential  cross  sections. 


FIG.  3.  Electrodistntegration  theory  and  deuteron  en- 
ergy distributions  at  four  laboratory  angles  for  an  inci- 
dent electron  energy  of  23.3  MeV.  (a)  shows  the  £2  and 
£0  contribution  to  the  differential  cross  section. 
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FIG.  4.  Angular  distribution  of  deuteroos  at  £<  = 5.5 
*0.5  MeV  and  £j  = 2.5*0.5  MeV.  The  solid  line  is  the 
alectrodisintegration  theory  described  in  the  text. 


FIG.  5.  Extracted  photoois  integration  cross  sections 
for  £t>l0  MeV.  The  solid  curves  are  the  photodislnte- 
gratlon  theory  described  in  the  text.  The  dashed  lines 
in  the  angular  distribution  data  are  Legendre  poly- 
nomial Um*x  = 5)  least  square  fits  to  the  data.  The  reso- 
nance in  the  total  cross  section  at  £r  = 2.185  MeV  reaches 
a peak  value  of  24  Mb. 
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We  remeasured  with  improved  techniques  the  positive-pion  photoproduction  yield  on  sLi  near 
threshold  and  up  to  7.2  MeV  above  it.  If  the  total  cross  section  of  the  reaction  y+p  — fr*  + rc  is 
expreased  as  u ^aq/k , our  result  for  the  reaction  y + *Li  — it*  + sHeg_j.  near  threshold  is 

Oj.!-  (0.098  * 0.004)  (aq/k){  (12.5/v)/l  exp<12.5/?)  — lJ>  . 


where  q Is  the  pion  and -it  the  photon  c.m.  momenta  expressed  in  units  of  MeV/c.  Deviations 
from  this  expression  above  threshold  and  the  contribution  of  y + sLi  — ir*  + ®Ke  (1.3  MeV)  were 
also  observed.  The  fail  understanding  of  this  result  requires  further  theoretical  work  and 
complementary  experiments  on  the  A =6  nuclear  system. 


EXCESS  ENERGY  ABOVE  THRESHOLD (MeV ) 


FTC.  10.  Cross  section  of  the  (y,  t")  reaction  on  ’Li 
deduced  from  this  experiment. 


FIG.  9.  Measured  photoproduction  yield  per  nucleus  as  a function  of  the  excess  energy  above  threshold  for  !Li  airi 
hydrogen.  The  curves  Indicate  the  best  fit  of  Eq.  (2)  to  our  data. 


(continued ) 


TABLE  n.  The  theoretical  predictions  and  our  resuits. 


Momentum  dependent 
terms  included 


Mean  optical  potential 
tKrell-Ericson  R mt, 


a \ 
. 21)  I 


Mem  optical  potential  ) 
'Krell-Ericson  Ref.  21)  ( 


Optical  potential  adjusted 
to  meeic  x rays  o(  light 
nuclei  Ret  ■ 22) 

Optical  potential  adjusted 
to  meetc  x rays  o<  light 
nuclei  'Ref.  22) 


— 

Nuclear  vtft  function 

Configuration 

Radial 

/al‘U-,Hel\ 

R*f. 

Operator 

ptoo-wave  distortion 

of  ‘Helf.a.) 

behavior 

\ Oip  — X) 

SASK  A* 
SASK  3* 

Phenomenological 

0.091 

0.101 

12 

STAN*  1 

Harm.  OacU. 

0.119 

STAN  ) 

Saxo  a- Wood 

0.103 

SASK  A 1 
SASK  B ) 

Phenomenological 

0.098 

0.109 

20 

Elementary  particle  treatment 

0.106 

SASK  A 
SASK  3 

Phenomenological 

0.09*7 

0.109 

13 

SASK  A 
SASK  B 

Phenomenological 

0.105 
0.1  IT 

IS 

Tills  experiment  (0<u<2  Me V ) 


01*11—  ‘Het/alp  — n)  >0.098  ±0.004 * 


‘Strong  L = l admixture. 

‘Weak  L = 1 admixture 

‘Comparing  this  result  arith  the  theoretical  predictions,  one  should  recaii  that  It  was  deduced  assuming  aisLi— JHe)/ 
a<p— *>  »cf«  in  the  energy  regioa  of  interest  (0 < t»»<  2 MeV).  As  discussed  in  Sec.  HI  C,  this  approximation  has  a neg- 
ligible Influence  for  reasonable  variations  ofat*Ll— 3He)  and  alp— n). 


TABLE  I.  Photoproduction  yield  per  nucleus,  in  arbi- 
trary units,  for  different  values  of  the  nominal  brems— 
srrahlung  end-point  energy  both  for  the  *Li  and  CH,  tar- 
gets. 


E, 

Set  A 

Set  3 

A^E,) 

152. 5 

0.099*0.011 

0.095*0.010 

153 

0.334*0.011 

0.331*0.010 

154 

1.087*0.023 

1.123*0.023 

155 

2.366*0.066 

2.264*0.064 

157 

5.729*0.141 

5.417*0.135 

153 

7.950*0.198 

3.415*0.208 

A\.l(EJ 

147 

0.020*0.002 

0.024*0.002 

147.5 

0.040*0.004 

0.032*0.003 

148 

0.082*0.005 

0.079  *0.005 

149 

0.168*0.011 

0.178*0.012 

150 

0.322*0.019 

0.363*0.021 

153 

1.194  * 0.040 

1.133*0.036 

12 

J.C.  Bergstrom  et  al.,  Nucl.  Phys.  A251, 

401  (1975) . 

18 

J.  Delorme  and  A.  Figtireau  (Private  comm.) 

20  J.  3.  Cammarata  et  al.,  Nucl.  Phys.  A267 , 

365  (1976) . 

21M.  Krell  et  al.,  Nucl.  Phys.  Bll,  497 
(1969). 

22 

L.  Tauscher  et  al.,  Z.  Phys.  271 , 409  (1974) . 
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FIG.  1.  The  quantity  experimental  Tallies  obtained 

with  separation  of  the  electron  scattering  cross  section  into 
longitudinal  and  transverse  components  (o);  values  of  the 
same  quantity  obtained  without  separation  (•>  • the  solid  line 
was  drawn  by  eye  through  the  experimental  points.  The 
line  Is  the  ground-state  form  factor  ‘U  from  Kef.  4. 

The  dot-dash  line  is  the  square  of  the  proton  electric  form  fac- 
tor multiplied  by  the  atomic  number  of  the  nucleus,  3 
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Using  180"  electron  scattering,  two  experimental  points  are  determined  for  the  torn  factor  curse  for  the 
excitation  of  the  5.36  MeV  transition  in  ’Li  at  low  momentum  transfer.  These  results  contirm  earlier  work  at 
other  laboratories. 


Oe  0-  0.5  03  10 

q (fra*1) 

FIG.  2.  Plot  of  values  for  the  transverse  form  factor, 
Fr',  as  a function  of  momentum  transfer  q from  Darm- 
stadt (Ref.  2),  Mainz  iRef3.  3 and  4),  and  NRL  data. 

See  the  text  for  the  source  of  the  curve  through  the  ex- 
perimental points.  Except  for  the  NRL  values  this 
figure  was  obtained  from  Rex.  4. 


TABLS  I.  Values  of  cross  sections  for  excitation  of 
the  5.35  MeV  transition  at  incident  energies  of  40.5  and 
50.5  MeV. 


Incident  energy 

Cross  section 

(MeV) 

inb/sr) 

40.5 

1.73  =0.31 

50.5 

1 .94  ±0.26 

^F.  Eigenbrod,  S.  Phys.  228 , 337  (1969) . 

3r.  M.  Hutcheon  et  al.,  Z.  Naturforsch.  25a, 
973  (1970)  . 

^R.  Neuhausen  et  al.,  Nucl.  Phys.  A164 , 497 
(1971)  . 
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Abstract:  The  proton  spectral  fun 

etions  of  "Li. 

Li.  ’Be  and  l0B  obtaine 

d from  the  (e.  e'p)  reactions 

ui  « \nt  aic*  tile  pic^cmcu.  i ik.  rwauiid  were  andiy^cu  in  inc  (iisioricu* 
using  the  shell-model  single-particle  wave  functions  consistent  with 
results.  The  observed  Ip  proton  momentum  distributions  for  the  n 
'igmlieant  disagreement  w ith  the  shell-model  momentum  distributions 

wave  impulse  approximation, 
he  elastic  electron  scattering 

uclei  "Li.  Li  and  "'Be  show 
The  occupation  probabilities 

'SEPARATION  ENERGY 


NUCLEAR  REACTIONS  Li.  "Be.  "'Blc,  ep).  E = ”00  MeV.  measured  ji£;,  d,): 
deduced  proton  spectral  lunctions.  DWIA  calculations.  Enriched  "•  Li.  IUB  and  natural  "Be 

tarzets. 


Fig.  5.  The  distorted  momentum  distributions  corresponding  to  the  optical  potentials  A (the  solid  curves)  and  B (the  dot-dashed  curses),  and  the  undistorted 
momentum  attributions  (ihe  dashed  curses),  calculated  Irom  the  shell-model  single-particle  wave  functions  used  in  the  DWIA  analysis,  (ul  "Li.  t b i Li. 
(c)  'Be  and  id)  B For  comparison,  data  points  in  the  appropriate  separation  energy  ranges  are  shown.  They  are  arbitrarily  normalized  to  the  calculated 

distorted  momentum  distributions 
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Fig.  la.  Proton  separation  energy  spectra  for 
"Li.  The  solid  curves  are  the  result  of  the  DWIA 
lit  using  the  shell-model  momentum  distribu- 
tions. The  contributions  from  the  individual 
peaks  are  shown  by  the  dashed  curves.  iThe 
curves  corresDonding  to  the  dilferent  optical 
potentials  A and  3 are  essentially  indistinguish- 
able. ) 

IS  EV  . 7-1  4-641 

use  omm-n  as-o  c 


0 '00  200 
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Fig.  lb.  Recoil  momentum  distributions  for  "Li. 
The  solid  curves  are  the  result  of  the  DWIA  lit 
using  the  shell-model  momentum  distributions. 
The  contributions  from  the  individual  peaks 
in  the  separation  energy  spectra  are  shown  by 
the  dashed  curves.  iThe  curves  correspondinz 
to  the  dilferent  optical  potentials  A and  3 ire 
essentially  indistingutshaole. ) 
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Results  sre  presented  of  in  experimental  study  of  reactions  of  the  type  '•'Li  (y,  ab)X  with  emission  of 
charged  parades  j ind  h detected  in  coincidence.  It  is  established  that  the  major  part  of  such  reactions 
ire  reactions  of  the  type  ‘"Li  (y.pt)X.  The  results  of  measurement  of  the  correlanons  of  the  directions  of 
emission  ind  energy  distnbuaons  of  protons  and  tntons  are  explained  on  the  basis  of  the  assumpaon  of 
photodisintegration  of  a dusters  m the  ground  state  of  the  nuclei  *-7Li  mto  a proton  and  tnton  and  of 
formation  of  the  residues  X m the  form  of  two  (d  + n)  panides  in  reacaons  ‘Li  (y.  pt)X,  and  two 
(d-en)  parades  and  possibly  three  (n-r p + n)  parades  in  reactions  Li  (y,  pt)X  The  value  of  the 
avenge  differential  cross  section  of  the  reaction  *Li  (y,  pt)  Hn  in  the  y-ray  energy  interval  35-55  MeV 
amounts  to  0.7 ±0.2  of  the  value  of  the  eras  section  for  the  reacaon  ‘He  (y.  p)  ‘ H.  It  is  shown  that  m 
addinoo.  three-particle  reacaons  of  the  type  ‘Li  (y.;d)  H and  'Li  (y,  tr)  'H  occur,  but  with  a 
kinemancs  differing  from  that  of  the  photodisuitegranon  of  a dusters,  and  also  two-pamcle  reactions  of 
the  type  ‘Li  (y,  t)  ‘He  and  7Li  (y.  r)  ‘He. 


(G,T)  ALL  TRITONS 
(G,TP)  COINC:  T WITH  P 

(G,TD)  CO I UC : T WITH  D 
(G,T)  2 80DY  BREAKUP  ONLY 


TIG.  3.  Correlations  of  directions  of  emission  of  protons 
tritons  (a  the  reactions:  a— «Ll<y,  tp)X;  b— 'Llfy,  tp)X. 
Pomts:  • — numbers  of  coincidences  per  unit  dose,  C— ex- 
perimental angular  resolution  of  the  apparatus;  solid  curves: 
ly calculated  angular  correlation  for  the  reactions 
•^Llfy,  fp)1-'Hn  on  the  assumption  of  pho  tod  is  integration  of  a 
clusters:  curve  2 — the  same,  but  for  the  reactions 
l,7Li(y,  (ph-H;  curve  3— calculation  of  the  relative  ecmtrlbu- 
ttoo  of  die  three- particle  reactions  '•rLl(y,  i p)z^H  on  the 
assumption  of  phase-space  kinematics;  dashed  curve calcu- 

lated angular  resolution  of  the  apparatus;  curves  1 and  2 have 
been  normalized  to  the  experimental  results  at  an  arbitrary 
point. 


9 10  IB 

£t.  VUV 


FIG.  4.  Energy  distr-hutlons  of  protons  (a)  and  of  tritons 
oomcident  with  them  i>)  la  the  reaction  ’Lily,  pt)X.  Curves: 

1 — result  of  calculation  on  the  assumption  of  photodls integra- 
tion of  a clusters  for  the  reaction  !Ll(y,  pf)JH;  2 — the  same 
as  curves  1,  but  for  the  reaction  ‘Lily,  The  curves  la 

Fig.  a have  been  normalized  tn  such  a way  that  the  combined 
curve  lies  in  the  region  of  the  ordinates  of  the  experimental 
points. 
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TABLE  n.  Differential  cross  sections  of  Identified  reactlona. 
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*.(•  - wr  r.) 
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•U(T. 

29 

7.3*tS 

*Li(7,  * 

43  ±6 

9.8*  t .5 

34 

13*0.3 

08.7*11-3 

43*10 

09*04 

3 

OisCLC 

2JMJ 

«U(t.  «>*K* 

43*7 

10=0.9 

38 

li=CL5 

,U(T.i).r 

30 

10.0*12 

’Ud.  >a«* 

49*4 

I9*a7 

40 

1.4*02 

«.«*8JI 

TjC-.h).  •• 

43*10 

14 a? 

30 

15*0.5 

7.i*U 

Tilt,  x)*H» 

41*9 

10*0.4 

32 

12*03 

43  13  — 90':  E.  -4SX.V 

MfelT.08  Cl 

- 910*9-5  i*b/« 

Table  II  lists  values  of  the  differential  cross  sections 
of  identified  reactions  ®»7Li (y,tp)X  in  which  tritons  with 
energy  £,s  4 MeV  are  emitted  at  an  angle  S1=90o  and 
protons  with  energy  Epz  3 MeV  at  all  possible  angles, 
and  also  values  of  the  differential  cross  sections  for  the 
two-particle  reactions  ®’7Li(y,f)3,*He  and  the  correla- 
tions of  particle-emission  directions  established  after 
normalization  of  the  theoretical  results  to  the  experi- 
mental data.  Also  in  Table  n we  have  given  the  energies 
of  the  y-rays  producing  the  reactions  noted  above.  The 
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Abunct:  The  (oral  factor  ot  the  3. .56  MeV(0*,  T = I)  state  of 4 Li  has  been  measured  for  momentum  trans- 
fers ^ 1. 0-5.0  fm'1,  and  the  2.18  MeV  (5*.  T = 0)  and  5.37  MeV  (2’.  7=1)  states  have  been 

measured  up  to  q = 25  fm'1  The  3.56  MeV  form  factor  is  analysed  in  terms  of  a phenomenological 
shell  model  with  l = i valence  nucleons.  The  radial  wave  functions  are  found  to  have  a greater  radial 
distribution  than  given  by  the  harmonic  oscillator,  more  closely  resembling  Woods-Saxon  functions. 
The  .Ml  form  (actor  is  found  to  decrease  at  high  momentum  transfer  somewhat  more  slowly  than 
the  models  predict.  A technique  for  determining  the  Ml  transition  current  density  based  on  the 
Fourier- Bessel  analysis  is  developed  and  applied  to  the  Ml  transition.  The  Ml  transition  current 
density  is  obtained  within  a moderate  error  band  and  compared  with  the  harmonic  oscillator 
and  Woods-Saxon  densities.  The  Ml  radiative  width  is  8. 1 8^0.25  eV.  in  agreement  with  previous 
measurements. 


Q=  1-3  FM— 1 , 2+,  0+,  2+ 


NUCLEAR  REACTIONS  ‘Life,  e ).  E = 140-330  MeV.  <n  E:  E,.9). 

factors,  transition  current  density  and  f 


‘Li  deduced  form 


Table  I 

Experimental  form  factors  for  the  3 *(2.13  MeV.  C2),  0*(356  MeV.  Ml)  and  2 *(5.37  MeV,  Ml  — E2  - M3) 

levels  of  ‘Li 


£o 

(MeV) 

8 

(deg) 

(fm"') 

El*  I0J 
(3*.  2.13  MeV) 

F\*  10* 
(0*.  3.56  MeV) 

F\*  10* 
(2*.  5.37  MeV) 

140.5 

37  6 

0.96 

14.9  ±0.7 

5.62  -0.24 

3.4  ±2.4 

140.5 

96.0 

1.03 

14.1  =07 

3.59  ±0.17 

9 8 ±2.3 

140.5 

1040 

1.09 

14.2  r0.4 

2.78  —0.19 

10. D ±1.4 

140.5 

119  9 

1-20 

13.5  ±0.4 

0.90  ±0.11 

11.6  ±12 

140.5 

127.9 

1.24 

13.4  -0.3 

0.532  r 0.087 

11.1  -0.8 

140.5 

135.3 

1.23 

12.7  ±0.3 

0.167-0.062 

11.0  ±0.6 

154.5 

125.0 

1.35 

11.3  -0.2 

12.7  —2.0 

154  5 

131.0 

1.38 

10.7  =02 

<0.06  *) 

12.0  ±2.9 

154.5 

137.0 

1.41 

9.78  ±0.28 

12.1  -15 

165  0 

125.0 

1.44 

10.1  ±0.1 

12.3  r 7-0 

165.0 

131.0 

1.47 

9.79  -0.25 

0.070  ±0.055 

10.7  -1.1 

165.0 

137.0 

1.50 

9.33  -0_21 

0.220  ±0.046 

9.58  -0.39 

219  9 

87.6 

I_S1 

9.18  ±0.14 

11.7  ±1.1 

220.0 

96.1 

1.61 

7.13  —0.21 

0.39  -0.11 

3.7  ±1.2 

2200 

104.0 

1.70 

5.21  ±0.11 

0.650  — 0.081 

7-2  —1.1 

220.0 

112.0 

1.79 

4.24  ±0.11 

0.917  ±0  066 

6.31  ±0.35 

2199 

120.0 

1.36 

3.25  ±0.11 

l.Il  ±0.07 

5.53  ±034 

219.9 

127.9 

1.93 

2.71  -0.08 

1.05  -0.05 

4.37  —0.31 

219  9 

135.9 

1.99 

2.29.  —0.11 

107  r0.06 

3.62  rO.33 

273.2 

107.0 

2.19 

0.976  ±0.053 

0.877-0.076 

1.91  -0  37 

273.2 

119.0 

2.33 

0.502  ± 0.023 

0.627  r 0.065 

1.54  —0.15 

278.1 

131.0 

2.45 

0.321  -0.026 

0.553  ±0.044 

0.32!  r 0.087 

2'3.0 

137  0 

2.50 

0.258  ±0.021 

0.525  r 0.041 

0.987  = 0 099 

330.3 

940 

2.37 

0.673-0.037 

330.4 

96.0 

2.40 

0.563  r 0.053 

331.0 

109.0 

2.62 

0.373  r 0.047 

330.6 

119.0 

2.76 

0.250±0.063 

330.5 

137.0 

2.96 

0.1 20  ±0.023 

330.7 

137.0 

2.96 

0.1 13  ±0.028 

The  5.37  MeV  results  represent  the  strength  within  —0.55  MeV  of  the  peat  centre  (see  text).  Tne 
^-values  are  for  the  3.56  MeV  level. 

*)  The  uoper  limit  corresponds  to  two  standard  deviations  of  the  measured  counting  rate  at  the 
expected  location  of  tne  3.56  MeV  peak.  (conti  nuea 
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Fig.  2.  The  3.56  MeV  MI  form  factor  and  the  phenomenological  shell  model  fit  with  the  Saslc-A  ampli- 
tudes. The  radial  density  is  derived  from  the  present  analysis  of  thecombmed  Mainz  and  Saskatoon  *)  data. 


Fig.  5.  The  Ml  transition  current  density  for  the  3.56  MeV  level  from  the  Fourier-8esse!  analysis  of  the 
experimental  form  factor.  The  shaded  region  represents  a * 1 standard  deviation  error  band  and  contains 
the  statistical  and  model  dependent  errors.  The  wiggles  at  r » 4.5  and  6.5  fm  are  probably  a consequence 
of  the  truncated  senes,  although  the  rapid  change  in  slope  near  r = 3_5  is  believed  genuine.  The  curves 
are  predictions  based  on  the  harmonic  oscillator  and  Woods-Saxon  potentials  with  Saslc-A  amplitudes. 
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The  cross  sections  of  reaction  (y,Tr‘p)  on  Lis  C'2  nuclei  were  measured  in  the 
0-600  MeV/c  range  of  momentum  transfer  to  the  residual  nucleus.  For  large 
values  of  momenta,  cross  section  values  disagree  with  calculations  earned  out 
within  the  framework  of  a shell  model  and  a model  of  quasi-free  meson 
photoproduction  on  nuclei. 


PACS  numbers:  25.20.  4-  y 


* 


P"  MeV/c 

FIG.  1.  Dependence  of  reaction  cross  section  on  the  proton  ingle  of  emission:  O— experiment,  with  total 

measurement  errors; — —calculations  using  plane  waves; final  state  interactions  taken  into  account: 

of  5-shell  shown  separately; —calculations  with  momentum  distribution  from  Ref.  3 

with  allowance  for  correlation  by  the  Jastrow  model.  Oscillator  oarameters  a,  = a P = 115  MeV/sec  for 
Li  * nucleus.11  120  MeV/sec  for  C and  1 13  MeV/sec  for  O'*.”  Arrow  indicates  angie  of  proton  emission  in 
the  case  of  reaction  y — p—  c J — p. 
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The  photodisintegration  of  the  stable  Lithium  isotopes  has  been  investigated  by  spectros- 
copy of  the  emitted  charged  particles  using  the  Giessen  bremsstrahlung  facility.  Protons, 
deuterons,  tritons,  3He  and  alpha  particles  were  detected  and  identified  up  to  20MeV 
particle  energy.  Angular  distributions  were  measured  using  y-ray  energies  up  to  £ 
= 50  MeV.  They  are  compared  with  theoretical  predictions  and  with  other  experiments! 
A remarkable  low  (y,t)-cross  section  was  found  for  both  isotopes  in  disagreement  to 
previous  measurements  using  virtual  photons.  Coincidence  measurements  between  the 
emitted  particles  were  performed  in  order  to  study  the  manybody-breakups  of  7Li. 
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18  22  26  30  21  18  22  2S  30  34 

E„  (MeV) 

Fig.  2.  ‘Lily,  c)  cross  section  and  angular  distribution,  £ = 
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Fig,  5.  The  *Li(y.  p)  cross  section.  £,*,,”55  MeV,  tf-90* 
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Fig.  6.  Angular  distribution  of  the  ‘Lily,  p)  cross  section:  £ w = 35 
MeV 


Fig.  1 ‘Li(y.  d)  assumed  cross  section.  5*90°,  £7—>“35  MeV 


Table  2.  Dipol  sum  rules  of  ‘Li  and  "Li 


(7.  <>» 

l7.«) 

(7.  t) 

Ref. 

‘Li 

23.4  -3.8* 

[3-1] 

MeVrao 

27.4  =10* 

[23] 

17  =1* 

[3] 

4.9  =2.5* 

[3] 

16J  = 2.5* 

7.0  =1.0" 

this  work 

"Li 

21.6  -3.5* 

[34] 

ir^MeVmb 

20.  r 

[21] 

3.0* 

[11.22] 

14.6  — 3.4f 

[5] 

13.2  = 2.0* 

4.4  =0.7* 

this  work 

•Li 

1.9  =0_3* 

[34] 

tf_(/  mo 

1.35=0.1* 

[23] 

0.77  = 0.03* 

[3] 

0.18=0.09* 

[3] 

1.4  ;0 2* 

0-29  = 0.04* 

this  work 

?Li 

u:±o.i9* 

[34] 

<y_  l(mb 

1.15' 

C2H 

0.74* 

[11.22] 

0.3  =0.1* 

0.4  =0.06* 

tms  work 

* 5-5—32  MeV  * 22-32  MeV  * 6.4-30  MeV 

4 20-30  MeV  • 5-15  MeV  [11],  15-30  MeV  [22] 

r threshold  to  34  MeV  « 11-28  MeV  4 5.5-23  MeV 
' threshold  to  30.5  MeV  * 19-35  MeV 
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The  16  MeV  level  reported  in  the  ‘Ufr.p)  cros*  section  has  been  found  to  result  from  oxygen  VIR  PHQ  I SEE  70  UP  1 
contamination. 


|NU  CLEAR  REACTIONS 


'LHe.ph.E,*  16  MeV .measured  c<6,.E).  Deduced *Li(yji)j 
a($).  So  3tata  at  16J.  MeV.  J 


Ey  ( MeV) 


FIG.  1.  Proton  cross  sections  near  16  MeV  excitation 
to  {Li  which  show  the  effect  of  a small  amount  of  surface 
Q-*.y" en  contamination.  The  cross  sections  measured 
with  the  imoxidtzed  target  have  been  multiplied  by  0.8  in 
order  to  visually  separate  the  data  points.  The  fact  that 
the  proton  cross  sections  away  from  the  peak  region 
were  statistically  the  same  Is  taken  as  evidence  for  the 
oxide  layer  being  a small  fraction  of  the  total  target 
thickness. 


FIG.  2.  90*  cross  section  data  taken  in  200  keV  inter- 
vals. The  X ’s  are  taken  from  Wong  et  al. 2 near  the  16 
MeV  excitation  region  in  ’Ll  where  evidence  for  a slight 
peaking  was  claimed. 
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The  transverse  form  factor  for  ibe  5.37  MeV(2*.r  = 1)  level  of  ‘Li  is  analyzed  in  terms  of  a 
phenomenological  model  to  give  the  configuration  amplitudes  and  transition  density.  Radiative  pion  capture 
rates  for  the  Is  atomic  orbital  of  ‘Li  leading  to  the  two  lowest  states  of  ‘He  are  estimated  using  the  re3uiuTor"theT37~Me  V (2 rni'sateoi  VLT”aadia- 
phenomenoiogicai  functions.  The  radiative  p.on  capture  rate  to  ‘Hefg.s.)  agrees  with  experiment,  but  the  Hve  correetiona  ^ Ae  elastie  form  factor  were  cal- 

rate  to  He(2*,1.3  VleV)  is  larger  than  the  measured  value.  It  is  shown  that  if  the  longitudinal  form  factor  is 
small  at  q a:  m„  the  transverse  5.37  MeV  form  factor  gives  the  radiative  pion  capture  matrix  elements 
directly.  As  part  of  this  study,  the  C2  form  factor  was  measured  near  q = and  its  implications  on  the 
wave  functions  are  considered. 


TABLE  L Summary  of  the  present  experimental 


five  corrections  and  the  elastic  form  factor  were  cal- 
culated as  in  Ref.  3.  The  total  form  factor  13  defined 
within  -0.35  MeV  of  the  pealt  center.  Errors  do  not  re- 
flect uncertainties  in  the  position  and  width  of  the  state. 
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UC LEAK  REACTIONS  'Ulr.fl,  £-78-141  MeV;  cri£;E,..S). 

form  factors,  wave  functions,  radiative  capture. 


sLl  deduced  j 


£o 

(MeV) 

a 

(deg) 

<r(5.37)Mel) 

(xiO3) 

F*\<q) 

(calc.) 

FuuHq.e) 

(x104) 

140.9 

59.0 

1.12  = 0.20 

0.364 

4.08  = 0.71 

99.3 

90.0 

1.30  = 0.32 

0.353 

6.43  = 1.14 

75.6 

140.0 

3.33  = 0.79 

0.352 

31.1  =2.3 

= 0.637  fm*1 

F 

l'(q)  = (9.7  = 9.5)x10~s 

F 

rJ(<7>=  (3.73  = 0.40)  x10*‘ 

FTC.  1.  Electron  scattering  spectra  from  ’Ll  showing 
the  5.37  MeV  peak  on  the  flan*  of  the  broad  4 .31  MeV 
'2*1  resonance.  The  three  spectra  do  not  have  a com- 
mon scale  factor.  The  solid  curve  represents  the  total 
background  under  the  5.37  MeV  resonance  aod  the  mset 
shows  the  background-subtracted  spectra.  The  3re;t- 
iVigner  curves  were  fit  simultaneously  with  the  back- 
grouixl  by  a least-squares  procedure.  The  small  peak 
near  7 MeV  is  the  7.56  MeV  (O’)  state  of  l!C,  apparently 
introduced  ourtng  target  fabrication. 


FIG.  2.  Longitudinal  form  factors  of  the  5.37  MeV 
state  based  on  the  phenomenological  densities  and  am- 
plitudes determined  from  the  experimental  transverse 
form  factor.  "Hie  curves  are  labeled  by  3 , the  ground 
state  lP,  amplitude.  The  experimental  result  at  <?=  0.59 
fm"1  is  from  the  present  work,  the  others  are  from  Ref. 
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Abstract:  The  form  factor  for  excitation  of  the  t-r  continuum  in  "Li  has  been  measured  within  4 MeV 
of  threshold  for  momentum  transfers  </  = 0.48  and  0.58  t'm ' The  results  are  in  good  agreement 
with  the  Cl  form  factor  calculated  in  the  framework  of  a t-r  cluster  modei  with  a spectroscopic 
factor  Oi  = 0.67. 


T,  HE3  BREAK  UP 


NUCLEAR  REACTIONS  "Lite.  e ).  E = 102,  123  MeV;  measured  a(E;  ff).  4Li 
deduced  form  factor.  t-JHe  cluster  model. 


OJ  ( MeV) 


Fig.  I.  Electron  scattering  spectrum  for  "Li  in  the  excitation  energy  region  u * 12-20  MeV.  The  data 
are  presented  as  a total  differential  form  factor,  defined  by  eq.  (I).  The  scale  is  exaggerated  to  dearly 
display  the  t-r  continuum  starting  at  1 5.3  MeV.  .ndicatcd  by  the  arrow  The  line  represents  the  estimated 
total  contribution  from  other  processes,  as  discussed  in  the  text. 
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Fig.  2.  Differential  form  factor  for  the  t-r  breakup  of  'Li.  The  excitation  energies  extend  to  about 
a MeV  aboxe  threshold.  The  curses  are  the  Cl  form  factors  predicted  by  the  t-t  cluster  mode!  with 

f/j  =>  0.b7 
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Photoreaction  mechanisms  of  ‘Li  were  srudied  using  bremsstrahlung  below  the  (y,;H)  threshold.  It  was 
confirmed  by  the  present  work  that  only  the  ‘Lify.p^He  and  4Li(y,/i  )3Li  reactions  actually  occur  in  the 

energy  range  of  incident  y ray  lower  than  the  (y,3H)  threshold,  and  the  ‘Lify.np^He  reaction  in  various 
types  does  not  occur  in  practice  although  this  reaction  is  energetically  possible.  The  assignment  of  the 
reactions  ’Liiy.p^He  and  4Li(y,/i)JLi  to  the  measured  photoproton  spectrum  for  1 5.4  MeV  irradiation  is 
presented. 


NUCLEAR  REACTIONS  5Ll,  checked  photoreaction  mechanisms,  bremsstrah- 
lung  E = 15.4  and  10.2  MeV,  measured  proton  spectra,  peak  energies  and  widths, 
cr(8),  confirmed  only  ’LUy.plTle  and  °Li(y,n)3Li  actually  occur  below  the 
"Lify,  3H)3He  threshold. 


TABLE  H.  The  peak  energy  and  half-width  for  each  peak  of  the  first  three  peaks  in  the 
range  K2  2 MeV  of  observed  proton  spectra  of  ’’Li. 


15.4  MeV  irradiation  10.2  MeV  irradiation 

peak  energy  (MeV)  half-width  (MeV)  peak  energy  (MeV)  haif-width  (MeV) 


2.29  = 0.19 

0.691  = 0.066 

2.30  = 0.20 

0.693  =0.062 

3.14  = 0.13 

0.606  ± 0.052 

3.17  = 0.17 

0.601  s 0.066 

3.93  t 0.13 

0.605  = 0.066 

4.03  = 0.16 

0.600  = 0.064 

FIG.  2.  Photoprocon  energy  spectra  of  the 
Tha  errors  reoresent  statistical  errors. 

f»  la  8© 

(«£V.  7 * ! 4.  44  > 


’LL  nucleus. 


us"  as~oc 


FIG.  3.  Angular  distributions  tor  the  proton  groups  in 
dw  irradiation.  The  errors  reoresent 

4 <v  °°)J  where  Y,(8L)  is  the  proton  yield  for 

each  group  at  8^.  The  solid  curves  are  the  least  squares 
tit  in  terms  of  the  Legendre  polynomials  up  to  order  4 
for  the  groups  of  2.29,  3.93,  5.00,  and  5.30  MeV,  and  up 
to  order  3 for  the  3.14  and  6.30  MeV  groups. 
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REACTION 
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energy 
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ANGLE 
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ABX 


2-10 


0-8 


MAG-D 


DST 


detected  recoil 


'Li  in  forward  direction 


The  capture  of  a particles  by  deuterium  has  been  observed  by  using  a magnetic  analysis 
technique  to  detect  the  recoiling  ’Li  ions.  Measurements  of  the  cross  section  down  to 
1 MeV  in  the  csnter-of-mass  system  can  be  interpreted  accurately  in  terms  of  a direct- 
capture  model,  and  it  is  found  *hat  production  of  ’Li  in  the  big  bang  is  3 times  smaller 
than  has  been  assumed 

PACS  numbers:  25.G0.-t,  25.10.-s,  9S.S0.rt 


z « s a 

CENTER -CF-MASS  ENERGY  ,M«vl 

FIG.  1.  Cross  section  for  the  reaction  -Hln,  yi'Li. 
Open  circles,  MSL‘  data;  closed  circles,  CnNLdafn; 
triangles,  tLUe,e'ri)  Ret.  7);  crosses,  CRN L data  lor 
£1  component.  The  curves  are  a direct-capture  cal- 
culation. 


FIG.  2.  Measured  ’Li  momentum  distributions  for 
■Hia.’  i'  Li  at  four  center-of-mass  energies.  The  mo- 
mentum varies  linearly  as  the  cosine  of  the  angle 
between  the  incident  benm  and  the  outgoing  photon,  /? 

The  curves  are  a direct-capcurc  calculation  in  which  the 
£1  operator  has  been  renormalized.  The  small  peak  in 
the  center  of  ‘he  lowest  distribution  is  due  to  i weak 
’Li  component  in  'he  benm,  which  was  removed  by 
means  oi  a velocity  filter  in  the  other,  more  recent, 
data.  The  peak  width  is  roughlv  the  instrumental  re- 
solution. 
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REACTION 
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Differential  cross  sections  of  4Li(7,  >06He  leading  to  the  ground  and  first  excited  residual  states  have  been  deduced  in 
the  range  of  momentum  transfer  0.7  m,  < q < 2 mT  from  the  measured  pion  energy  distributions  of  ° Life,  e*)6He.  The  re- 
sults are  compared  with  the  shed-model  estimates.  In  the  case  of  the  ground-state  transition  (Ml),  the  experimental  results 
show  an  enhancement  in  the  region  of  q > 1.6  It  is  not  similar  to  the  case  of  the  first  excited  state  transition  (Ml  + E2 
+ M3). 


Fig.  1.  An  example  of  the  energy  distribution  of  pions  emitted 
in  the  sLi(e,  e*)6He  reaction.  Arrows  show  the  end-point 
pion  energies  corresponding  to  the  ground  and  first  excited 
residual  state.  The  best  fitted  curve  is  also  shown. 


Fig.  2.  Experimental  results  of  ft  p)  d o(7i  „♦)/ df!  leaving  the 
ground  and  fust  excited  residual  itate.  Present  results  are  given 
by  open  cucles  for  £e  = 195  MeV  (t)  = 30°.  60°.  90°).  open 
squares  for  £e  = 130  MeV  iy  = 30' , 90''.  15(f),  open  triangles 
tor  £4  - 170  MeV  (0  = 30°.  oG3,  90J).  Closed  cucics  air  die 
previous  results  of  angular  distribution  measurements  tref. 

[9 1 );  closed  squares  are  the  previous  results  tn  the  threshold 
region  i ref.  (3| ).  Theoretical  curves  with  SPSM. CK  tref. 

( 12  | ) and  Sask  A and  C tor  !:t  - 130  MeV  are  also  given. 
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Phctoproductioe  of  tr3  mesons  off  targets  of  4Li,  lzC,  ^Si,  40Ca,  natural  Cd,  and  natural 
»u  studied  using  a bremsatrahlung  beam  with  endpoint  energies  of  140,  145,  150,  and 
155  MeV.  Photoproducnon  from  a liquid  hydrogen  target  was  employed  as  a normaliza- 
tion. The  measured  yields  were  found  to  be  in  disagreement  with  published  theoretical 
cross  sections  for  ^T-lly , y^Li  and  also  in  disagreement  with  a simple  schematic  model 
which  assumed  only  coherent  contributions  from  the  Af1+  multipole.  The  schematic 
model,  however,  did  approximately  predict  the  relative  magnitudes  of  the  yield  curves  for 
the  energy  range  14—20  MeV  over  threshold. 


*MEV  ABOVE  THR 


NUCLEAR  REACTIONS  4Li,  l2C,  ^i.  "Ca,  Cd,  Pb,  (r>;r3); 
£r  =»  140—  155  MeV;  measured  cr,  test  of  reaction  model. 


Energy  above  Thresnota  (M«V) 

FIG.  5.  The  experimental  and  rxLr-nlztrrt  yields  for 
*Ll(y,ff'a)  and  'Hly.ir3).  The  calcnlarrd  yield  for 
'Hty.y3)  was  required  to  go  through  the  data  points  at 
15.33  MeV  above  threshold  (see  text). 


BOBM  Mas-411 
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FIG.  6.  The  experimental  and  calculated  yields  for 
(y,ir3)  off  a range  of  complex  nuclei.  The  data  were 
scaled  so  that  the  IJC!y.y3)IJC  experimental  yield  fit  the 
calculated  yield  at  9.7  MeV  over  threshold  (see  text). 
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Fig.  2.  Total  range  distribution. 
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Fig.  3.  Excitation  function. 
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Mean  life: 

t = (l. 15±0. 1*0  10-5  sec. 


Table  L Summary  of  results  for  the  self-absorption  experiment 


Scatterer 
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Resonance 

absorption 

Ten  (°!0 
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4 in.  LiF 
4 in.  LiF 
4 in.  LiF 
2 in.  Li 

i in.  LiF 
1-  in.  Li 
] in.  Li 
i in.  Li 
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. , method) 
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scattering) 


where  g = ( 1+21) /( 1+21  ). 
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Ed  - 15-5  * 31  MeV 

E - 15-5-30  MeV 
P 
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Angular  distribution. 

Ratios: 

a(Y,d)/a(y,p)  at  9 = 80 ° 

o(y. t)/a(y. d)  summed  over  angles 

35°-1^5° 


'yield  DATA  TABLE: 


It  snould  be  noted  that  the  yield  of  photoprotons 
I of  che  energy  considered  rises  smoothly  with  Z 
j for  the  elements  plotted  In  Fig.  3,  and  that  start- 
ing already  with  Al,  no  direct  proportionality  to 
i.  2 is  observed  on  account  of  the  effect  of  the  Cou- 
■ lomb  barrier.  For  illustration,  we  give  the  vieids 
of  photoprotons  Y (y,  p)  per  proton  in  the  nucleus 
1 for  several  elements  in  relative  units  ( the  error 
in  these  measurements  was  estimated  to  be  ± U>  l • 
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(for  Figures  see  page  2) 
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FIG.  S.  Energy  distributions  of  phorod  eater  ons  from  Li* 
and  Li’  and  phototntons  from  Li’.  The  scale  of  the  ordinate 
for  phototntons  is  arbitrary  . __  _ 
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FIG.  6.  Angular  distnbutions 
of  photoprotons  of  energies  15.5 — 
30  Mev  for  Li*,  LiT,  3e,  and  C. 
The  errors  are  statistical. 
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FIG.  7.  Angular  distributions 
of  phot od euter one  of  energies 
15.5—30  Mev  for  Li*,  Lr’,  Be, 
end  C.  The  errors  are  statistical. 
The  solid  curve  gives  the  calcu- 
lated results  far  photodeuterons 
It am  Be. 
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FIG.  9.  Angular  distnbutions  of  phototntons  of  energies 
17-30  Mev  for  LiT,  Li*,  and  Be.  a — LT;  b — Li*  and  Be. 

The  scale  is  the  same  in  a and  b.  The  errors  are  statis- 
tical. 
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Pig.  2.  Excitation  function  of  the  reaction  ’Li 
(jt)*  Ke. 
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<7d  E 
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Notes 


-i7(7,  np) 


Bremss. 
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(a/0  ) = 2. 8=0. 3 


[a  P = 63  11b] 

H 


Mean  photon  energy  - 262  MeV 
Proton  counter  at  7c° 


T? 


riG.  2.  Relative  cross  sections  per  neutron-proton  pair  in  the 
nucleus  versus  atomic  number.  The  cross  section  of  the  element 
of  interest  is  divided  by  the  cross  section  for  deuterium  and  by  the 
factor  .VZ/A. 


fo  pm  NBS-418 
(8-1--83) 

USCOMM-OC  1 8336-P53 


PHOTONUCLEAR  DATA  SHEET 


ATOMIC  NOM0C3 
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r-j *1.30X10  13  v_m  and  \=*  >.6X  in*:a  »-m.  The  ornb.a!  . i: 
.•scape  factor  is  <»ivcn  in  evpressi«>ri  i i.  LT\e  ilai.i  shown  ire 
o'  Fijr.  2 divided  by  Pf2R  A’. 
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HO 
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Puc.  5.  YraoDoo  pacnpcflcjicuiie  Tpiuonoii  un  Doaoywnciiuoro  cocTOainin  6,6  McV  Li7 
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1,6.8. 10-^  j 0,3- 10-7 
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N 5,  639  ’’(1954).  ” htar  M.,  \V  a t a g i n V„  Nuovo  cimento,  12, 

7‘  ^286  ^1952).  B-  H-’  Lawsori  I-  D-,  Fosse  y E.  B.,  Proc.Phys.  Soc.,  63B. 

3.  Hamburger  E.  W.t  Cameron  J.  R„  Phys.  Rev.,  117,  781  (1960). 
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Notes 
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355 


Fic.  2.  Comparison  of  the  experimental  results 
with  the  predicted  polarization. 


he  results  for  all  four  elements  (by  taking  a weighted 


Polarization  of  high  energy  photo- 
protons is  given  in  $. 

Mean  proton  production  energy  = 
155  MeV. 


Sp  = 45c 
9p  = 56c 


+7.3*15 

-2.4±15 


Postulates  identical  "/-absorption 
process  for  each  kind  of  nucleus 
( quasi-deuteron) . 

7 

Fig.  2:  Combined  results  of  Li  , 

9 11  12 

Be'',  B , C at  3 angles  of 

measurement.  9 =90°  only  given 

P 

for  carbon  data. 

Fig.  2:  A:  Only  El  transitions 

considered.  C:  Ml  transitions 

from  3S  - also  taken  into 
account. 


Results  consistent  both  with  a zero 
value  for  the  polarization  and  also 
with  theory. 
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Fig.  2.  Results 
for  scattering  from 

lithium.  Curve  A. 

lithium  scatterer 

with  carbon  ab- 

sorber. Curve  B : 
lithium  scatterer 

with  lithium  aii- 

sorber.  Curve  C: 
arbon  scatterer 

with  iithium  ao- 

sorber. 


*oco 
Counts  | 
pen  I 
Co*N*et> 


V*  .»* 


2C  30  40 


CHANNEL  NUMBE9 


po«m  H8S-41S 

'J3CCMM-OC 


Li  .3.  D£P*RTM£N: 

NiTIONiL  3U»^Avj 


PHOTONUCLEAR  DATA  SHEET  197 


18-1-43) 

USCOMM-OC  1 8 53  6-P63  — — 

PHQTONUCLEAR  DATA  SHEET  198 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL.  BUREAU  OF  3TANOAROS 


Ret.  Yu. A.  Voikov,  L.A.KuI  'cnitSKii 

Zhur.Eksptl.  i Teoret.Fiz.  42,  108  (1962) 
Soviet  Phys.JETP  15,  77  (1962) 


Elem.  Sym.  A 


Li 


Ref.  No. 

62Vol 


Method 

■"Scintillation  counter  telescope 


60 


Reactioa 


E or  ±E 


crd'E 


J rt 


Notes 


(7,p) 
(Y,d) 
(7,  t) 


"/max  = 

25 

90 


FIG.  4.  a)  Dependence  of  cross  sections  per  effective^ 
quantum  as  a function  of  the  energy:  o - Li7  (y,  p),  * " L*  7 4 
and  •—  Li7  (y  t).  The  scale  along  the  ordinate  axis  for  the 
Li’fv  o)  reaction  is  decreased  in  half.  The  arrows  d and  t 
for  the  U’fr.  d)H.‘  «d 

reacuons  for  recording  particles  of  energy  7.S  MeV.  h)  Exert*- 
tion  function  for  the  reactions  Li7(y.t)  (curve  1)  and  Li  (y.  p) 
(carve  2). 


Fig.  4a:  Particle  energy  interval 

is  7-5  " 15  MeV.  9 = 90°. 

Y(Y,d)/Y(7,p)  and  Y(y, t)/Y(Y, p) 


are  given. 


Triton  angular  distribution  has  the 

2_ 

form  A + Bsin  6. 


tii  0 
7.oyh 
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o»  r 
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no 
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FIG.  5.  Angular  distribution  of  protons  (o),  deuterons  (x), 
and  tritons  (•)  of  energy  between  7.5  and  15  MeV  emitted  in 
the  photodisintegTation  of  Li7  induced  by  bremsstraniung  wich 
Ermax  " 63  MeV.  For  protons  the  ordinate  axis  is  snown  in 
half  scale. 
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in 
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0.l8±50# 
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There  are  known  levels  at  7»^7, 


19.8  and  14.0  MeV. 


Erratum: 

Table  II 

line 

14: 

108 

instead 

of 

3.^ 

line 

15: 

6.9 

instead 

of 

9.6;  and 

009 

instead 

of 

1.7 

line 

16: 

0.6 

instead 

of 

1.1 

In  Fig. 5 the  label  9.6  MeV  should 
be  6.9  MeV. 


Fig.  5.  Spectrum  of  41.5  MeV  electrons  scattered  from  LiT  at  180°. 


U.S.  DEPARTMENT  OF  COMMERCE 
national.  bureau  of  stanoaroi 


200 


PHOTONUCLEAR  DATA  SHEET 


PHOTONUCLEAR  DATA  SHEET  201 


EL EM. 3YM. 


r(c.r  . 


A Z 


M.  Bernheim,  G.R«  Bishop 
J.  de  Physique  2k,  970  (1963) 


Me™00  Linac;  electron  scattering;  magnetic  spectrometer;  Faraday  cup  and 
SEM  ^ 


Li 


REF.  NO. 

63  Be  8 


NVB 


REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/ 

FMF 

0-7 

D 100-180 

MAG-D 

DST 

0A78 

4.61 

Lie 

6.8 


Table  I for  0.kj8  level 


J-PI.  B(E2) 


Vo, 


0,05^- 


t/  *.0 1 H «V  l#v#l 


£.  X S R C I S 

ixcioexts 

MaV 

147,92 

121,40 

121,40 

147,70 

177,46 

101,76 

146,69 


6 

90° 

120° 

90° 

120° 

90° 

120° 

60° 


fableau  1 


/”* 

1,060 

1,036 

0,370 

1,297 

0,393 

0,743 


in*Iii*.:na«  ^caIcuU 
X 10’  x 10® 


caIcuU 
X 10® 


‘Li 


tableau 

Niveau 

4,61  MeV  7/2— 
5,76  MaV  5/2— 
6,30  MeV  5/2- 
2,139  MaV  3-- 
4,52  MeV  2 + 


2(E2)  x 10- 


1 cm® 


15.5  ± 0,3 
4,1  = 2 

12.5  - 1,2 

32  ^3 

13,2  - 1,5 


;ai. 


3,07 

- 0,8 

7,91 

2,35 

Ofiii- 

12  9 

- 1,2 

9.S6 

3,55 

L 

1 

3,3 

= 1,0 

5,37 

2 11 

[ 

15,7 

- 1,6 

11,07 

i;S8 

r 

8,4 

- 1,0 

3,44 

3,03 

j 

11,2 

= 1,1 

7,25 

2,61 

■ 

4,6 

i 1,2 

3,92 

1,41 

4001 


Vic.  1.  — Lo 
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Figure  la  and  lb:  Sum  of  data  taken 

at  5k0,  72°,  90°,  108°,  and  126°. 

E =30  MeV.  (Figure  lb  is  smoothe 
ymax  ' 

version  of  Figure  la). 

Figure  2:  smoothed  data  9 = 90°. 

Figure  3:  Triton  spectrum  E.ymax=30MeV 
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Fig.  1.  The  inelastic  electron  scattering  spectra  obtained  for  a nominal  incident  energy 

of  150  MeV  on  a targe t of  Li^  at  angles  of  40°,  50°,  75°  and  30°.  The  exact  incident 
energy  ls  given  in  table  2.  These  curves  are  obtained  after  subtraction  of  the  radi- 
ative tail  of  the  elastic  peak  which  is  not  shown. 
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Fig.  3.  Energy  versus  crow  lection,  Li7^,*).  Crowei  are  data 
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and  Voeiker  (Ref.  12). 


Few  H8S»4W 
msv,  ?.?  S»84l 
USCSMMoOe  2«Ci10-F»»4 


-i 


PH0T0NUCLEAR  DATA  SHEET  210 


U.S.  DEPARTMENT  OF  COMMERCE 
national  bureauof  standards 


EL  EM.  SYM. 


Li 


REF.  NO. 

64  Ne  1 


NVB 


B.M.K.  N'efkens  and  G.  Moscati 
Phys.  Rev.  133 . BL7-19  (1964) 


METHOD 

Betatron 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.H4 

ABY 

23  - 250 

C 250 

ACT- 1 

4PI 

NG  H4  FOUND 


Fio.  2.  Upper  limit  of  the  production  cross  section 
r,  versus  halt-life  of  H*. 


Tablx  IL  Production  cross  section  for  comparable 
reactions  on  light  nuclei. 


Reaction 

22.  (max) 

<t>  in 

— Q in 
MeV 

Ref. 

He ^(y,pn)d 

170 

200 

26 

« 

He*  ( y.2)n ) 

170 

26 

23 

« 

U'(-r.2p)H‘ 

320 

1.3 

31 

A 

Bu  (T.2p)Li* 

320 

37 

31 

d 

N"‘(y,2  p) 

170 

250 

25 

« 

(y,2pn) 

170 

200 

23 

• 

0“(y.2  p) 

170 

300 

22 

• 

(t.2  pn) 

170 

240 

30 

• 

-N*e(Y.2  p) 

170 

590 

21 

• 

(7,2  pn) 

170 

200 

29 

• 

P*(7,2  ?)S" 

320 

100 

24 

r 

P*(7,2'9n)Nn‘ 

303 

100 

24 

t 

U(7,  )H* 

250 

<5X10”’* 
<2X10-'  “> 

This  work 

• Auuming  Oiac  Vie  hejMIfe  of  H‘U  l year. 

• Amu  mm?  that  the  half -life  ox  H4  ia  l h. 

• A.  N.  Gorbunov  and  7.  M.  Soir.donov.  Zh.  Ekspenm.  i Teor.  r iz.  55, 
21  (1957)  ftmnaiatioa : Soviet  Phya.— JETP  6.  16  (1953)]. 

4 B.  M.  pC.  Xexkeiu.  ?hy«.  Rev.  Letter*  10,  2*5  (1963). 

• A.  N.  Gorbunov,  V.  A.  Dubrovma.  V.  A.  Oiipova,  V.  S,  Silaeva,  and 
P.  A.  Cerenkov.  Zh.  Eksperim.  i Teor.  Fiz.  42,  747  (1962) 

Soviet  Phy*.— JE7P  13.  520  (1962)]. 

1 G.  W.  Tautxcsc.  Phy*.  Rev.  110.  70S  (1958). 

• HA.  Meyer  (private  communication). 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL.  BUREAU  OF  sTANGA^CS 


form  HBS-418 

(R  EV.  7-1  4-4AJ 
USCSMM.QC  2801C-P64 


PH0T0NUCLEAR  DATA  SHEET 


211 


— f".  j . 


N.  K.  Sherman  and  P.  Barreau 
Phys.  Letters  151  (1964) 


LI 


7 


METHOD 


Linac  0-activity  from  H' 


REF.  NO. 

64  Sh  l 


JOC 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.2P 

ABX 

THR  - 210 

C 210 

ACT- 1 

90 

Limits 


either  t(H^)  »0.1  sec, 


or 

or 


c(«  ) < 3 msec, 


t(H5) 


-,„5 


0.1  sec  and  o(n  ) < 0.2  'j,b/equiv.  quantum. 


fobm  NBS-418 

(R  EV.  7-1  4-8.41 
USCOMM-OC  2801  0-P84 


PHOTONUCLEAR  DATA  SHEET  212 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL.  BUREAU  OF  ST  ANOARCS 


P.  £.  Argan,  L.  Meneghecti  and  S. 
II  Nuovo  Ctmento  23  j 1-439  (1965) 


METHOO 


VitaLe 


. £L£.M.  a rM.  A 


Li 


ref.  no. 


65  Ar  2 


JOC 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

detector 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,2P 

ABY 

THR-  1BEV 

D LBEV 

ACT- I 

4PI 

3 for  Hs  < 1 . 3±0 .4  x 10"31  cm2 


NO  H£  SEEN 


p o pm  NBS-413 

(R  EV.  7.1  4-44) 
U3CCMM-OC  2 0 0 1 O-  p 9 4 


PHOTONUCLEAR  DATA  SHEET  213 


U.3.  DEPARTMENT  OF  COMMERCE 
national  bureau  of  standards 


EL£M.  STM. 


z 


B.  T.  Chertok  and  £.  C.  Booth 
Nuclear  Phys,  66,  230  (1965) 


Li 


7 


3 


METHOO 


REF.  NO. 


65  Ch  1 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E.E* 

ABX 

.5 

D 2-4 

D MAG  2-3 

162 

ABX  based  on  elastic  peak  and  Mott  scattering  d. 


H (3.0  MeV,  162°)  = (3.0  ± 1.2) 


.-2 


10  jib/sr,  for  0.473  MeV  state. 


fo«m  NBS-418 

(fl  £V.  7-1  4-64) 
USCCMM-OC  260J0-P64 


PHOTONUCLEAR  DATA  SHEET 


214 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  5T  ANQAROS 


P.  J.  Dallimore,  K.  S.  Lam  and  H.  H 
Aust.  J.  Phys.  _IS , 389  (1965) 


METHOO 


Thies 


Li 


REF.  NO. 


65  Da  l 


JOC 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,T 

ABY 

THR-4 

c 4 

SOD-  D 

90 

a < (1.55±.20)  x 10” 33  cm2 


Fig.  2 — Weighting  function*  employed  in  tho  calculation  of  upper  limit, 
of  the  average  reaction  cross  sections  5,  where 
1 r*  l MeV 

* “ 75  IF( E)*{E)  d£. 

J «•!  M tV-iS 


s O PM  NBS-413 

(R  CV.  7-1  4-64) 
U3COMM*OC  26  0 1 0*  P6  4 


PH0T0NUCLEAR  DATA  SHEET 


215 


u.s.  oepartmentof  commerce 

MATION  At  BUREAU  OF  ST  ANOAROS 


E.  Hayward  and  T.  Stovall 
Nuclear  Phys.  62,  241  (1965) 


METHOD 


Li 

ref.  noT 


65  Ha  1 


7 


3 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

TYPE  RANGE 

OET ECTOR 

TYPE  RANGE 

ANGLE 

G XN 

ABX 

THR  - 30 

C 6-30 

BF3-I 

4PI 

s-1 5 

Fig.  4.  The  neutron  production  cross  section  for  Li7  where  the  analysis  has  been  made  using  a i 
MeV  grid  (a)  and  a 0.5  MeV  grid  (b).  Thresholds  for  the  neutron  producing  cross  sections  are 
indicated  by  vertical  lines  at  the  bottom  (a)  and  by  dotted  vertical  lines  at  the  bottom  (b).  The 
indicated  errors  are  standard  deviations  based  only  on  the  number  of  counts.  The  airows  at  the  top 
represent  points  that  exceed  the  dimensions  of  the  graph,  and  the  horizontal  line  is  the  average  value 
of  the  cross  section  above  20  MeV. 


Txau  3 


Neutron  emission  cross  sections  integrated  to  29  MeV 


Target 

Jtfd£  (MeV  • mb) 

Jod£7(60iVZM) 

J**m±E,'(60,VZ//4)  ») 

Li* 

36.1 

0.40  -0.03  ») 

0.42 

Li7 

50.1 

0.49-1-0.04 

0.64 

B‘* 

66.7 

0.444-0.03 

B11 

68.6 

0.42=0.03 

0.47  e) 

0“ 

61.9 

0.26=0.02 

0.30 

porm  NBS-S18 

(REV.  7-1  4.941 

uacoMM-oc  tsoio-oea 


»)  Ref."). 

6)  This  value  is  for  natural  boron. 
*)  Estimated  systematic  errors. 
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Fig-  X.  ~ Neutron  norm  All  red  energy  ipectrm. 
Th*  energy  range  1 a divided  In  Ax  part*,  and 
9ix  corresponding  tpectra  (with  different  reto- 
w®  firen.  .Y#  is  tn  arbitrary  nuti. 


Tablz  I. 


Position  of  maximn 
Ln  E,  spectrum 
(this  -work) 

1 

mi  Energy  levels  of 

7Li,  MeV 

j 

'From  onr results  tran- - . . 

I ...  _ ' From  ref.  »)' From  ref.  (*) 

sitions  to  ground  state  )i  • ' ; 

, 

From  ref.(4) 

i 

I 

3.0  ± 0.1 

1 

10.7  ± 0.1 

| 10.8 

— 

I 

4.33  i 0.15 

12.3  ± 0.2 

12.4 

i 12.3 

— 

0.23  ± 0.25 

i 14.4  -u  0.3 

i “* 

14.0 

14.5 

— 

7.5  ±0.3 

i 16.0  ± 0.35 

; 16.2 

16.2 

16.5 

9.1  ±0.3 

17.8  ± 0.35 

1 

, 17.5 

(17.1) 

i 

i 

(18.1) 

11.1  ±0.3 
— 

20.1  - 0.35 

21.5 

— 

— 
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hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

e,e/ 

LFT 

11 

D 30-60 

MAG-D 

DST 

(11.28) 

11=11.23  MEV 


TABLE  1 


Summary  o l Experimental  Results* 


Nuclide 

E,  (Me  V) 

Type 

rT°(eV) 

i?/rw 

(F) 

’Ll 

2.18 

E2 

(3.9 

x 0.5)  x 10“ 

14.4 

3'.  7 7 t 0.48 

3.56 

Ml 

3.9 

x 0.4 

9.4 

2.96  x 0.11 

■ ?Li 

11.23 

x 0.05 

(Ml)  or 

(1.3 

x 0.4)/ g* 

0.043/ g 

— 

(M2) 

(0.026 

x 0.008)  /g 

2.6/g 

_ 

*Be 

15.97 

x 0.03 

Ml 

(3.7 

x 0.3)  /g 

0.043/  g 

— 

u3 

4.46 

E2  and 

0.0173 

x 0.0021 

8.2 

3.44  x 0.50 

Ml 

0.64 

x 0.08 

0.34 

2.60  x 0.35 

5.04 

Ml 

1.84 

x 0.14 

0.69 

2.60  x 0.11 

1JC 

4.43 

E2 

0.0122 

x 0.0008 

5.30 

3.14  x 0.30 

“O 

6.92 

E2 

0. 100 

x 0.015 

3.28 

3.82  x 0.46 

11.52 

E2 

0.52 

x 0.13 

1.31 

“M* 

9.85 

x 0.04 

Ml 

7.95 

± 1.2 

0.38 

3.50  x 0.49 

9.97 

* 0.03 

10.35 

x 0.03 

E2 

0.24 

x 0.05 

0.53 

5.05  x 0.50 

10.70 

x 0.03 

Ml 

22.2 

x 2.4 

0.36 

3.60  x 0.36 

10.93 

x 0.04 

E2 

0.26 

x 0.11 

0.50 

“SI 

4.97 

x 0.02 

CO 

(2.0 

x 0.5)  x 10*5* 

6.30  x 1.20 

4*Ca 

6.89 

x 0.05 

E2' 

0.29 

x 0.04 

2.35 

4.50  x 0.50 

‘The  Bora  approximation  has  been  used  except  for  “O  and  40 Ca. 
*g«  (21,  * l)/(2I,  * 1). 

* T.1  equivalent  to  ME  * (8.87  x 1.001  FJ. 
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Kulikov 


EL  EM.  SYM.  A 


Li 


ref.  ho. 

67  Ba  2 


JDM 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,  XN 

ABX 

THR-50 

C 7-50 

BF3-I 

4P1 

A 2? 


TABLE  L Energy  of  Excited  States  Discovered  by  Various  Methods  of  Studying  Phcxodls- 
Lntegratlon  cf  U7 


Energies  of  maxima  obtained  from  the  ! 
analysis  of  yield  curves 

Energies  of  maxima  obtained  from 
the  analysis  of  energy  spectra 

Ener- 
gies of 
excited 
levels 

photoneutroos 

photoprotons! 

photoneutxona 

photoprotoas 

[H 

[4] 

[51 

our  data 

[61  | 

(61 

[61  j 

[8) 

[91 

9.6 

i 

■ 

9.8 

10.8 

(11.3) 

11.5x0.3 

11.0x0  2 i 

12.5 

11.7 

10.3 

12.4 

12.9 

! 

13.5 

14.1x0.2 

13.5 

14.0 

13.6 

14.0 

13.5 

13.5±0.3 

14.0x0-2  ! 

14.4 

14.3 

14.5 

15.3 

15.0*0.3 

18.5 

(15.9) 

18.3*0.3 

16.0x0.2 

16.1 

16.2x0.2 

18.2 

16.2 

(17.1) 

17.5 

(18.0) 

17.3x0.3 

17.9x0.2 

17.0 

18.0x0.2 

17.5 

19.5±0.5 

>9-6 

10  6x0.2 

22.0x0.5 

21.4x0.3 

21.5 

21.5x0.2 

21.5 

23.7x0.3 

23.5 

23.5*0.2 

23.5 

24.5x0.3 

25.3x0.3 

28.0x0.3 

j 25.3 

28.3x0.3 

30.3x0.3 

33.0*0.5 

1 

34.7x0.5 

j 

i 41.0*1.5 

1 48.5x1.3 

1 

mb 


Fig.  1.  Cron  lectloo  of  else  photoneutn'i.  rc  n-tion  on  Li7:  a)  data  of  [10];  b)  the  result 
of  snoothing  of  tim  ooserved  cron  section. 
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ref.  no. 

67  De  1 


- HMG 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

detector 

ANGLE 

TYPE 

range 

TYPE 

RANGE 

G.P 

iai 

ABX 

14-50 

C 

21-52 

TEL-D 

4-17 

QG 

G.D 

ABX 

15-50 

C 

21-52 

TEL-D 

4-17 

C0 

G,T 

ABX 

8-50 

c 

21-52 

TEL-D 

4-17 

90 

Table  II 


Imejnicd  cross  sections 


ir,«,  McV-mb 

Reaction 

interval  ol  energy  £„  McV 

0-23 

23-33 

33-52 

(T,  ?)• 

14. Oil  .5 

4. 6x0.3 

Not  determined 

(T.  P2a)m 

13.3±] 

12.0i2.0 

Not  determined 

(T.  P‘)  •• 

— 

13.8i2.S 

22i3 

(T,  a)  \ ••• 

(7,  nd)  f 

3-5115(2.51^ 

} 3^(0ip 

> Not  determined 

(7»  nt ) 

J 33x4  (32±4) 

(7,  nd)- 

Not  determined 

(T.  npd)  ■ 

(T.  2d) 

_ 

[ 1.6+0. 4 

| 4.2x1 

(T,  0 

2. 6i0.3 

1.2i0.1 

Not  determined 

•The  cross  section  for  the  (y.p)  reaction  was  determined  from  curve  J.  and  for  the  (y.p2n)  re- 
action from  histogram  2 in  Fig.  2;  the  cross  sections  lor  the  (y,  nd),  (y.npd),  and  (y.  2d)  reactions 
were  determined  from  the  curve  for  o\,  in  Fig.  56. 

”!n  the  interval  23-33  from  histogram  3,  and  in  the  interval  33-52  McV  from  curved  in  Fig.  2. 
crcm  5CCt'on5  of  reactions  indicated  in  the  intervals  0-23  and  23-33  MeV  were  deter- 
mined as  <r,  - 2<riy,p2n ).  Tlte  values  without  parentheses  were  computed  from  the  data  on  <r, 
from  1 and  the  values  in  parentheses  were  computed  from  m.  In  the  interval  33-52  MeV  the  cross 
section  was  obtained  on  the  assumption  (see  text)  that  <r[y,nl)  «•  cr,  — &+ 


Fig.  4.  Cross-section  curve  for  the  ( y . t)  reaction. 

From  Brems  spectrum 


£ yn  • Ey . MeV 

Fig  3.  Yield  curves  for  protons  (curves  I,  2,  3 with  exoeri 
section  V'2''y 

" 4 MeV;  curve  J—  i 0.5 — { 7 Vf#»V  tt,- 

represents  the  vaiue  of  Erm  for  curves  / * i and  £ f 
l’t  2* % y . ” •*  * an«  for  curves 
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3,  mb 


Fig.  2.  Cross  sections  for  reactions  with  proton  emission.  Curve  / —cross  section  for 
transitions  to  the  ground  and  first  excited  state  (1.7  MeV)  of  He"  Ky.pl  reaction i;  histo- 
gram 2— cross  section  for  transitions  to  excited  states  of  He'  with  energies  of  3-7  MeV 
ireaction  (y.  p2nl);  histogram  3 — cross  section  for  transitions  to  excited  states  of  He*  with 
energies  above  9 MeV  {reaction  (y.  ptl);  curve  4 — cross  section  for  emission  of  protons.  tr„ 
obtained  from  the  yield  curves  in  Fig.  3 {reaction  (y,  p<)|:  curve  5 — cross  section  for  (y,  f>) 
reaction,  obtained  from  activity  of  He*  nuclei.'*1 
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Fig.  5 Triton  yield  curve  (curve  with  experimental  pointsi 
and  the  corresponding  curve  for  the  triton  emission  cross  section 
rr,—a;  dcuteron  yield  curve  (curve  with  experimental  points)  and 
“ —— “ the  corresponding  curve  for  the  deuteron  emission  cross  section 
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Fig.  5.  Vertical  angular  distribution  of  coincident  protons 
from  lithium  (the  curve  is  explained  in  the  text). 
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Fig.  9.  Comparison  of  the  7U  and  *Li  photoproton  spectra  at  Qf  = S2J,  with  95  MeV  bremsstrahlung. 
The  arrowt  indicate  the  maximum  proton  energies  allowed  by  the  kinematics  in  each  reaction. 
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Protons  presumably  associated  with  mesons  produced  from  individual  COHER-ENT  BREMS. 

nucleons.  Amorphous  part  is  yield  of  340  MeV  protons. 


FIG.  3.  Proton  yield  in  the  (7,p)  reaction  in  Li7  as  a function  of 
crystal  orientation  angle  9 for  plane  of  polarization  directions  perpen- 
dicular (dashed  curve  and  O -N^N,.  <$,  =*  90°)  and  parallel  (solid 
curve  and  x - N|  /N0,  a 0°)  to  the  plane  of  the  reaction:  A - 
amorphous  part. 

In  Fig.  3 we  have  shown  in  relative  units  the  experi- 
mentally measured  proton  yield  from  Li7  for  6o-MeV 
protons  at  an  angle  of  33° , as  a function  of  the  angle  9 
between  the  primary  electron  beam  direction  and  the 
(110)  axis.  Here  the  (001)  axis  lies  in  the  plane  deter- 
mined by  the  beam  and  the  (110)  axis  of  the  crystal. 
The  primary  electron  beam  energy  is  1120  MeV. 
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Summary 

The  cross-sections  of  the  (y,  p)  (y,  d)  reactions  were  investigated.  Li7.  Be*,  C1*,  Si**, 
Cu4*,  Mo**  and  Ta‘*‘  targets  were  irradiated  with  the  bremsstrahlung  of  700  and  1200  MeV 
maximum  energy  from  the  Kharkov  PhTI  Ac.  Sci.  UkrSSR  linear  accelerator.  The  photo- 
protons  and  deuterons  were  detected  by  the  scintillation  telescope  at  30°.  60*,  and  120* 
with  the  beam.  Possible  mechanisms  of  the  proton  and  deuteron  photoproduction  are  dis- 
cussed. The  qualitative  agreement  of  A dependence  of.  the  cross-sections  is  observed  with 
a suggestion  on  the  meson  mechanism  for  these  reactions. 
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FIG.  1.  Curves  of  phototntor.s  in  different  energy  intervals;  the  ex- 
pert mental  points  are  approximated  by  isochromattc  curves,  with  dashed 
segments  beyond  the  approximation  region.  The  kinematic  thresholds  of 
the  (7.  pt>  reaction  are  designated  by  arrows. 
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FIG.  3 


FIG.  2.  Dependence  of  the  cross  section  for  Li7  (7,  7' t)  He4  on  the 
energy  of  scattered  7 rays. 

FIG.  3.  The  histogram  represents  the  cross  section  for  Li7  (7,  7' t)  He4 
as  a function  of  scatrered7-  ray  energy,  as  derived  from  the  phototriton  . 
spectra.  The  dashed  curve  tnrough  the  experimental  points  is  the  same 
function,  -a  derived  from  the  scattered  7 - ray  spectra. 
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0t'l  ra>’ASC3ttorcd  in  Li’  aad  U“  ‘"P*  >"  ^cntkal 

-.emsst.-mung  -oscs.  For  Li  - open  circles  and  the  solid  curve;  for  U4- 
uiled  circles  and  the  dashed  curve. 


Inelastic  scattering  oi  -/  rays,  which  is  one  of  the  inadequately  investigated  processes  of  r.uciea-  ’-,:;vs- 
tes  is  stunted  in  the  reaction  Li7'y,  y'JLi7*  — He1  t h\  When  investigating  phototritons  from  trie  L;'7 
nuc-eus  by  analyzing  triton  yield  curves  for  narrow  energy  intervals  a triton  group  was  found  havir." 

143  ?- eduction  threshold  between  the  tlireshoids  of  the  (7,  t)  and  (7,  pt)  reactions  (2.45  and  77  73 
respectively).  These  tritons  can  be  attributed  only  to  a (7,  y't;  reaction.  The  integral  crcssYecticn  ’ 
tor  the  (7,  y‘  t)  reaction  was  found  to  be  1.1  = 0.3  MeV-tnb  for  3.5-10  MeV  tritons.  The  (7  7')  c-oss 
section  was  also  investigated  by  direct  registration  of  scattered  7 rays.  The  spectrum  of ’the  scattered 
7 rays  shows  peaks  at  7.5,  8.4,  and  9.5  MeV. 
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the  normalized  single-particle  model  predictions. 
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Fig. 2.  Energy  distribution  of 
the  phototri tons  ejected  from 
'Li  by  12  MeV  bremsstrahlung 
(histogram)  and  the  7Li(7, t)4He 
cross  section  (smooth  curve)  . 
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The  angular  distributions  of  photoprotons  in  the  reaction  y + Li7  — p + X have  been  measured  for 
maximum  y-ray  energies  of  620  and  1115  MeV  for  proton  energies  of  80,  160,  and  285  MeV  in  the 
angular  range  25-140*.  The  experimental  results  agree  satisfactorily  with  a calculation  assuming 
two  elementary  processes:  single  meson  production  from  free  nucleons  and  disintegration  of 
quasideuterons,  in  the  region  where  the  contribution  of  double  meson  photoproduction  is  small. 


FIG.  I 


FIG.  : 


FIG.  1.  Angular  distributions  of  protons  from  the  nucleus  Lf  for  a 
brcmsstrahlung  energy  E0  = 620  MeV:  a-E  = 80  MeV  Dashed  line  — 
calculation  according  to  Levingcr's quasideutcron  model.  (’]  Solid  line- 
calculation  with  inclusion  of  reactions  (3i  and  (4)  in  the  impulse  ap- 
proximation: dot-dash  line-sum;  b-the  same  for  E = 160  MeV. 

FIG.  Angular  distribution  of  protons  from  the  nucleus  Li’  for  E,  * 
1 1 15  MeV;  a-E  =■  80  MeV.  b-E  - 106  MeV,  c-E  - 285  MeV  The  desig- 
nations are  the  same  as  in  Fig.  I.  The  dotted  curves  indicates  extrapola- 
tion of  the  quasideuteron  yield  to  the  small-angle  region. 
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Fig.  2.  Proton  yields  and  cross  sections  at  45*,  relative  to  the  proton  energy  interval  JE,  = 15  MeV.  0” 
The  cross  sections  have  been  derived  from  the  experimental  data  using  Cook's  least-squares  analysn ’), 
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Measurements  are  reported  of  the  relative  yield  oi  t’  mesons  and  the  r"/*'  yield  ratio  for  mesons 
with  energy  40  ± 10  MeV  emitted  In  the  angular  range  0^  - 50—160"  In  photon- Induced  reactions 
with  E™3-*  =>  500  MeV  with  light  and  medium  nuclei.  The  charged  i- meson  detector  was  a 34-cm 
Freon  bubble  chamber  with  a tube  for  the  beam.  The  »"/»'  yield  ratio  for  He*,  Ll’,  C*1,  SI1'  S” 
Ca40,  and  Nb”  was  found  to  be  respectively  0.94  ± 0.14,  2.15  ± 0.31,  1.22  ± 0.21*,  1 .2*5  z 0.15,  1.0  ' 

* 0.13,  1.11  ± 0.13,  and  1.53  ± 0.25.  It  was  established  that  the  x’-meson  yield  follows  a ZA *1/1 
law. 


FIG.  J.  v'/v*  ywUI  ratio  u • ,Ji 
function  of  mam  number  A. 

I 

t yt 


( 


u c k s *4  •* 

1 ...  I L ...  11  > , t-  ■ 

• timfiMwuuam* 


FIG.  2.  Relative  yield  of  t*  mesons  per  nucleus  as  a function  of 
mass  number  A. 
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Fig.  3.  Ratio  ot  cross  sections  for  transverse  inelastic  to  transverse  elastic  scattering  from  the  ground 
state  doublet  of  7 Li.  The  curves  correspond  to  the  PHF  prediction  (a  = 1.60  fm)  of  ref.  I0),  to  the 
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Fig.  6.  Measured  ratio  of  the  longitudinal  (Cl)  form  factor  for  excitation  of  the  478  keV  level  to 
the  elastic  charge  form  factor  as  a function  of  momentum  transfer  squared.  The  theoretical  dependence 
for  a harmonic  oscillator  model  with  LS  coupling  is  indicated  by  the  dashed  curves  using  at,  — 1.90 
fmanda,,  = 1.76  fm.  The  dot-dashed  curve  gives  the  projected  Hanree-Foclc  prediction  for  a = 1.60 
fm.  A two-parameter  fit,  giving  b(Cl,  *;  k)  = 7.1  fm*  and  a,,  =»  2.3  fm  is  indicated  by  the  solid  line. 
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fm3.  The  reduced  transition  probability  3{CT,  f;  k)  and  the  electric  quadrupole  moment  Q are 
related  through  eq.  (4)  in  sect.  J.  The  derived  quantity  is  given  in  parentheses. 
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Fig.  J.  Angular  dependence  of  the  cross  section  for  excitation  of  the  478  keV  level.  The  functions 
jV (6,  q1),  VL(0)  and  Vj{0)  are  explained  in  the  appendix.  The  solid  lines  represent  a straight  line  fit  to 
the  data  at  the  constant  momentum  transfer  squared  indicated  in  the  figure  in  units  fm*3. 
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•)  Ref.33).  *)  Ref.34).  ‘)  Refs.  3T-3*).  *)  Ref.  l»).  •)  Ref.30).  ')  Ref.1*). 
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The  energy  distributions  of  photoprotons  from  ’Li  have  been  measured  for  40  values  of  the  "mimim 
bremsstrahlung  energy  ranging  upwards  from  - 15.  J MeV  in  ££,.=  1 MeV  steps.  Analysis  of  these 
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transitions  to  previously  unknown  levels  (or  groups  of  levels)  at  2.5  and  8.5  MeV.  Partial  cross  sections  for 
the  (y.  p ) reaction  with  the  formation  of  *He  were  found  by  the  isochromat  method. 


FIG.  3.  Cross  sections  for  individual  ’Lily,  p)‘He  reaction  channels 
corresponding  to  the  formation  of  ‘He  in  the  ground  state  fa),  the  first 
excited  state  at  1 .8  MeV  (b),  and  with  excitation  energies  in  the  following 
intervals  (MeV):  2.1  -3.6  (c),  3.6— 5.7  (d),  5. 7-7. 7 (e,  full  histogram), 
7.7- 1 1.0  (0,  and  1 1.0—14.5  (e,  dashed  histogram). 


TABLE  II.  Integral  cross  sections  o,m  for  individual  channels 
of  (he  7 Lify,  p)*He  reaction  corresponding  to  the  formation  of 
‘He  with  different  excitation  energies  EfE^  * 18-35  MeV) 
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Russian  text,  since  there  is  no  histogram  g in  Fig.  3:  perhaps  the  dashed 
histogram  on  plot  e is  intended. 
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Energy  distributions  of  phatfricnferons  from  ’Li  have  been  measured  for  various  brnnsstrahlung  maximum 
energies.  From  difference  spectra  of  the  deuterons  it  has  been  established  that  in  the  region  of  the  7 Li  giant 
resonance  the  (y.ij)  reaction  occurs  intensely  with  formation  of  the  ’He  nucleus  in  the  ground  stale,  and  a 
group  of  deuterons  has  been  observed  which  can  be  due  to  the  reaction  (y,d,)  with  formation  of  the  final 
nucleus  in  the  first  excited  state.  The  integrated  cross  sections  of  these  reactions,  on  the  assumption  that 
the  (y,d,)  reaction  actually  occurs,  are  respectively  4.0  ±0.5  and  3.2 ±0.7  MeV-mb  in  the  range  £,  = 16.5-30 
MeV.  In  addition  we  have  observed  the  emission  of  deuterons,  which  must  be  due  to  decay  of  7Li  states 
with  energies  25-30  MeV  into  it  + d+'He  (5  ±2  MeV-mb),  and  also  to  some  kind  of  complex 
disintegration  of  ’Li  ( — 5 MeV-mb)  by  y rays  with  energy  £,  = 37-50  MeV. 


FIG.  3.  Some  deuteron  yield 
curves  and  their  approximation  by 
isochromats.  The  arrows  indicate 
the  kinematic  thresholds  of  the 
reactions  shown. 
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FIG.  4.  Cross  section  for  the  reaction  ’LKy.  d«)5He  with  formation  of 
the  final  nucleus  in  the  ground  state. 
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Fig.  S.  Photoproton  spectra  for  E,  — 60^1  MeV,  9 — 45’  derived  as  described  in  the  text  from  dau 
such  as  those  shown  in  fig.  7:  (a)  *Li(y,  p)1He;  ib>  'Li(y.  p)‘He;  (c)  ’Befy,  p)*Li;  (d)  ‘*C(y,  p)“B.  The 
scale  above  each  spectrum  gives  the  excitation  energy  in  the  residual  nucleus,  with  lines  indicating  the 
positions  of  known  excited  states.  The  location  of  the  Is  shell  peak  observed  in  the  (p,  2p)  reaction  is  also 

marked. 

(continued) 
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Tam  1 

Crow  sections  for  the  ‘Li, 7 Li,  *Be  and  1 *C(7.  p)  reactions  at  £,(lab)  - 60  MeV,  9f(lab)  - 45*  populating 
the  excitation  energy  regions  £,  - 0-9  MeV  and  9-26  MeV  in  the  midnai  nuclei 


(do/d a)*  - Ob/sr) 


Target  nucleus 

residual  nucleus  excitation  energy  E 

0-9  MeV 

9-26  MeV 

‘Li 

5.5  ±0.6 

1L2±L0 

TLi 

9.5  ±0.8 

14.7+3.0 

*Be 

31 .8  ±3.0 

,JC 

36.4  ±3.9 

Only  statistical  errors  are  tabulated;  there  is  an  additional  common  systematic  error  of  ±22  %. 


Table  5 

Total  cross  sections  at  £,(!ab)  » 60,  80  and  100  MeV  for  the  reactions  4Li(7,  p)5He  (ground  state 
-r!6  MeV  state),  7Li(7,  p)‘He  (ground  state  +1.8  MeV  state)  and  1JQy,  p)“B  (ground  state,  LI,  4.4, 
5.0  and  6.7  MeV  states  in  several  combinations) 


+,(lab) 

(MeV) 

Total  cross  section  (jib) 

‘Li(y,  p0  + p,) 

TLi(7.  pa  + p,) 

lJC(7.  p) 

Po 

Po  + Pi 

p0  + p,+...pt 

60 

34.1  ±1.6 

43.8  ±l_2 

148.9±4.6 

18L7±5.8 

238.1  ±11.7 

80 

11. 39  ±0.39 

44.9  ±2.1 

43.4  ±2.2 

65.4  ± 3.9 

100 

173=1.4 

19. 6±  1.1 

The  errors  shown  are  statistical.  There  is  an  additional  common  systematic  error  of  ±22  %. 
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Photoneutron  energy  spectra  from  ’Ll  have  been  measured  by  time-of-flight  methods,  for 
bremsstrahlung  end-point  energies  increasing  in  2 MeV  steps  from  13  to  25  MeV.  The  ground- 
state  and  approximate  first-excited-state  differential  cross  sections  at  903  have  been  obtained 
from  8.5  to  23  MeV.  No  pronounced  fine  structure  has  been  observed.  The  measured  branching 
ratio  to  the  first  excited  state  falls  from  an  average  value  of  0.70  between  10.3  and  14.5  MeV  to  an 
average  of  0.29  between  14.5  and  18  MeV.  and  rises  again  to  an  average  of  0.38  between  18  and 
23  MeV.  Thisbehaviourcan  be  explained  by  a crude  theoretical  model  in  which  \p  — ls  and  Ip  — * 
1 d single  particle  transitions  dominate  below  18  MeV.  The  calculation  predicts  a branching  ratio 
of  0.50  near  threshold,  falling  to  0.23  at  higher  energies,  in  reasonable  agreement  with  the 
experiment.  The  integrated  value  of  the  ground-state  cross  section  up  to  23  MeV  is  about  (38.7  - 
3.9)  MeV  mb.  while  that  for  the  first  excited  state  is  about  ( 17.2  - 3.4)  MeV  mb.  Together  they 
account  for  3996  of  the  exchange-augmented  dipole  sum  of ’Li. 
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Fig.  2.  Photoneutron  energy  distributions  from  'Li  for 
bremsstrahlung  end  points  increasing  in  2 MeV  steps 
from  13  to  25  MeV. 


Fig.  4.  The  90°  differential  photoneutron  cross  section 
for  the  reaction  7Li(y,no)6Li  (open  squatrs),  for  the 
reaction  'Li(y,nt)6Li*  fsolid  squares),  and  for  the  sum  of 
both  fsolid  circles),  compared  with  the  single-neutron 
cross  section  ?Li(y,n)4Li  of  Bramblett  el  a/.  (1973)  (open 
circles). 


Bramblett  et  al.,  1973.  Proc,  Int.  Conf.  Photonucl. 

React.  Appl . , ed.  by  3.  L.  Berman  (Lawrence  Livermore 
Laboratory,  Univ.  of  California,  Livermore,  Calif.),  p.175. 


Tabu  I.  The  measured  differential  cross  sections  at  90°,  da0idf2  for  the  ground  state  and  do„d!2  for  the  first  excited 
state,  are  given,  integrated  over  intervals  of  photon  energy  k.  The  measured  903  branching  ratio  a„CT0  to  the  first 
excited  state  is  compared  to  the  calculated  value  for  emitted  neutrons  having  angular  momentum  l = 0 and  the 

calculated  value  when  / = 0 and  / = 2 


ffe)— r-)  j 

f (MeVmb  sr‘‘) 

Cj/Oo 

Photon  energy  (MeV)  „ 

Measured 

II 

o 

II 

o 

Ni 

8.5  to  10.3 

0.12  r 0.04 

0 

0 

10.3  to  14.5 

1.08  r 0.36 

0.76  ± 0.15' 

0.70 

0.50  — 

14.5  to  18 

1.07  ; 0.36 

0.33  i 0.07 

0.29 

— 0.23 

18  to  23 

1.58  ± 0.53 

0.62  ± 0.12 

0.38 
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Assumed  photon  ang.  dist.  was  isotopic.  6LI  3.56  MEV  GAMMA 

vrde  = 7±3  MEV  mb  but  affected  by  a strong  background. 

J3  0 

A GefLi)  detector  has  been  used  to  measure  the  spectra  of  photons  emitted  by  residual  nuclei  from  the 
reaction  Li  (y,  n)  ‘Li*,  formed  in  the  state  with  energy  3.36  MeV.  The  integrated  cross  section  for  the 
reaction  up  to  £7  = 30  MeV  turned  out  to  be  4*1  MeV-mb.  and  in  the  interval  up  to  £r  = 53  MeV  it 
amounted  to  11*3  MeV-mb. 

PACS  numbers:  23.20. 4- y,  27.20. 4- n 


FIG.  I.  Pulse-height  spectra  for  targets  of  TU  and  {Li.  The 
smooth  curves  are  the  background  level.  TA  and  AP  designate 
respectively  the  total-absorption  peak  and  the  peak  with  emis- 
sion of  two  annihilation  photons. 


FIG.  2.  Energy  distribution  of  photons  from  the  7L1  target  af- 
ter background  subtraction.  The  arrows  indicate  the  Doppler 
broadening  in  absorption  of  y rays  of  these  energies.  The  er- 
rors do  not  include  the  inaccuracy  in  Inclusion  of  the  back- 
ground. The  crosshatched  region  is  the  distribution  of  photons 
from  the  "Li  target  (in  arbitrary  units)  in  the  vicinity  of  the 
2.56-MeV  total-absorption  peak. 
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— Abstract:  The  proton  spectral  functions  of  "Li.  ’Li.  “Be  and  ,0B  obtained  from  the  (e.  e'p)  reactions 

at  700  MeV  are  presented.  The  results  were  analyzed  in  the  distorted-wave  impulse  approximation. 

— using  ihe  shell-model  single-particle  wave  functions  consistent  wiih  the  elastic  electron  scattering 

results.  The  observed  Ip  proton  momentum  distributions  for  the  nuclei  °Li.  'Li  and  “Be  show 

~ significant  disagreement  w ith  the  shell-model  momentum  distributions.  The  occupation  probabilities  

ol  the  proton  single-particle  states  are  around  0.7.  with  a few  exceptions.  *S£PARATI0N  ENERGY 


NL CLEAR  REACTIONS  " Li.  “Be.  "'B(e.ep).  E = *00  MeV;  measured 
E deduced  proton  spectral  functions.  OW1A  calculations.  Enriched  *•  'Li.  "’B  and  natural  “Be 

targets. 


Fig  5 The  distorted  momentum  distributions  corresponding  to  the  optical  potentials  A (the  solid  curves)  and  B (the  dot-dashed  curves),  and  (he  undistorted 
momentum  distributions  (the  dashed  curves),  calculated  from  the  shell-model  single-particle  wave  functions  used  in  the  DW1A  analysis.  iai  Li.  ib)  Li. 
Id  “Be  and  id)  ;'3  For  comparison,  data  points  in  the  appropriate  separation  energy  ranees  arc  shown.  They  are  arbitrarily  normalized  to  ihe  caiculated 

distorted  momentum  distributions. 
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Fig.  2b  Recoil  momenium  dismbuiions  lor  *Li. 
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Results  ut  presented  of  in  experimental  study  of  reactions  of  the  type  ‘-’Li  (y.  ab)X  with  emission  of 
charted  particles  a and  b detected  in  coincidence.  It  is  established  that  the  major  part  of  such  reactions 
are  reactions  of  the  type  ‘•’Li  (y,pi)X.  The  results  of  measurement  of  the  correlations  of  the  directions  of 
emission  and  energy  distributions  of  protons  and  tritons  are  explained  on  the  basis  of  the  assumption  of 
photodisincegration  of  a clusters  in  the  ground  state  of  the  nuclei  ‘•’Li  into  a proton  and  triton  and  of 
formation  of  the  residues  X in  the  form  of  two  (d  + /t)  particles  in  reactions  ‘Li  (y,  pt) X,  and  two 
(d+s)  particles  and  possibly  three  (n+p  + rt)  particles  in  reactions  ’Li  (y,  pt)X.  The  value  of  the 
average  differential  crosa  section  of  the  reaction  ‘Li  (y,  pt)  'Hn  in  the  y-ray  energy  interval  35-53  MeV 
amounts  to  0.7 ±0.2  of  the  value  of  the  cross  section  for  the  reaction  ‘He  (y,  p)  ’H.  It  is  shown  that  in 
addition,  three-particle  reactions  of  the  type  ‘Li  (y,rd)  'H  and  ’Li  (y,  rt)  'H  occur,  but  with  a 
kinematics  differing  from  that  of  the  photodisimegration  of  a clusters,  and  also  two-particle  reactions  of 
the  type  *Li  (y,  i)  JHe  and  ’Li  (y.  r)  ‘He. 


(G,T)  ALL  TRITONS 
(G,TP)  COINC.  T WITH  P 
(G,TT)  COINC.  T WITH  T 
(G,T)  2 BODY  BREAKUP" ONLY 


TIG.  3.  Correlations  of  directions  of  emission  of  protons 
tritons  to  the  reactions:  a— ‘Lily,  tp)X;  b — THfy,  tp)X. 
Points:  •—numbers  of  coincidences  per  unit  dose,  O— ex- 
perimental angular  resolution  of  the  apparatus;  solid  curves: 
1 — calculated  angular  correlation  far  toe  reactions 
*^fLlfy.  on  the  assumption  of  photodistotegratton  of  a 

clusters;  curve  2 — toe  same , but  for  the  reactions 
vLl(r,  curve  3— calculation  of  the  relattve  contribu- 
tion of  the  three-particle  reactions  ,,rLl(y,  on  toe 

assumption  of  phase— space  kinematics;  dashed  curve — calcu- 
lated angular  resolution  of  the  apparatus;  curves  1 2 hare 

been  normalized  to  the  experimental  results  at  an  arbitrary 
point. 


FIG.  5.  Energy  distribution  of  protons  coincident  with  tritons 
to  toe  reaction  'Lily,  pt)X.  Curves:  1— result  of  calculation 
on  the  assumption  of  photodLsmtegration  of  a clusters  lor  the 
reaction  Lily,  fit)  Hrr,  2 — the  same  as  curve  1,  but  for  the 
reaction  LHy,  pf)}H.  The  normalization  is  the  sarca  as  to 
Fig.  4a. 
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TABLE  n.  Differential  cross  sections  of  Identified  reactions. 
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Table  II  lists  values  of  the  differential  cross  sections 
of  identified  reactions  ,>TLi {y,tp)X  in  which  tritons  with 
energy  Et  > 4 MeV  are  emitted  at  an  angle  = 90°  and 
protons  with  energy  Ep  3 3 MeV  at  all  possible  angles, 
and  also  values  of  the  differential  cross  sections  for  the 
two-particle  reactions  s’TLi(y,f)3,<He  and  the  correla- 
tions of  particle-emission  directions  established  after 
normalization  of  the  theoretical  results  to  the  experi- 
mental data  Also  in  Table  II  we  have  given  the  energies 
of  the  >-ra7S  producing  the  reactions  noted  above.  The 
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Total  cross  sections  fbr  lJC(y,012N  and  7Li(y,:r')7Be  have  been  measured  from 
threshold  to  360  MeV  photon  energy  by  detecting  the  radioactivity  of  the  residual  nuc- 
lei, thereby  singling  out  the  ground  state  of  l2N  and  the  ground  and  first  excited  states 
of  TBe.  The  cross  sections  are  found  to  peak  at  about  40  MeV  pion  energy  and  then  to 
fall  gradually.  In  contrast  to  pion  charge  exchange  and  other  photopion  experiments, 
these  results  are  well  reproduced  both  in  shape  and  in  magnitude  by  distorted-wave 
impulse-approximation  calculations. 


FIG.  2.  Yields  for  (a)  *2C  and  (b)  7Li  as  a function 
of  incident  electron  energy.  The  theoretical  curves 
are  those  calculated  from  the  corresponding  cross 
sections  shown  in  Fig.  3 with  the  two-step  background 
added  back  in.  (c)  Real-to -virual  ratios  per  equivalent 
quantum  <i.e.,  photoproduction-to-electroproduction 
ratios)  for  l2C  vs  endpoint  energy  compared  with 
Dalitz-Yennie  predictions. 


20  -O  60  SO  .OO  i20  i^O 
~r  - £ r (MeV) 


FIG.  3.  Extracted  cross  sections  for  (a)  12C  and 
(b)  7Li  vs  photon  energy  above  threshold  (shaded  re- 
gions). Calculation  of  EST  see  Ref.  13)  shown  as 
solid  lines  (full  interaction)  and  dotted  line  (Coulomb 
only).  Calculation  of  NU  (see  Ref.  IS)  shown  as  dash- 
dotted  line. 
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The  photodisintegration  of  the  stable  Lithium  isotopes  has  been  investigated  by  spectros- 
copy of  the  emitted  charged  particles  using  the  Giessen  bremsstrahiung  facility.  Protons, 
deuterons.  tritons,  3He  and  alpha  particles  were  detected  and  identified  up  to  20MeV 
particle  energy.  Angular  distributions  were  measured  using  y-ray  energies  up  to  Ey 
= 50  MeV.  They  are  compared  with  theoretical  predictions  and  with  other  experiments. 
A remarkable  low  (•/,  r)-cross  section  was  found  for  both  isotopes  in  disagreement  to 
previous  measurements  using  virtual  photons.  Coincidence  measurements  between  the 
emitted  particles  were  performed  in  order  to  study  the  manybody-breakups  of  'Li. 


FT*.  3.  Phototnton  cross  section  of  ’LL  £.„„=»  23  MeV.  8 = 90® 
Table  2.  Dipol  sum  rules  of  4Li  and  'Li 
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17  ± l* 
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7.0  rl-04 

this  work 

'Li 

21.6  ±3.5* 
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<j MeVmb 

20.1' 

[31] 

3.0* 

[H.22] 

14.6  ±3.4' 
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this  work 

*Li 
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[34] 
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t.35r0.1* 

[23] 

0.77  ±0.03* 

[8] 
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this  work 
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G.  Junghans  et  al.:  The  Photodisintegration  of  4Li  and  ’Li 


7Li(r,t)  ‘He  7U(f,->  3H 


EXCITATION  ENERGY  (MeV) 
Smo,*  38  MeV 


Fig.  4.  Angular  distribution  of  the  ’Li(y.  t)  and  7Li(y,  a)  cross 
section;  £.,„=*  2 3 MeV 
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' threshold  to  30.5  MeV  * 19-35  MeV 
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Fig.  10.  Angular  distribution  of  the  TLi  photoproton  cross  section. 
MeV 


E„  (MeV) 

Fig.  11.  Angular  distribution  of  the  'Ll  photoproton  cross  section 
E.^,-50  MeV 


Ex  (MeV) 

Fig.  12.  Angular  distribution  of  the  7Li  photodeuteron  cross 
section:  £7M»2S  MeV 
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The  reactions  'U(e.'He)pe'  ind  'Ut.'UW  have  been  studied  at  intermediate  excitation  energies.  2 BODY.  VIR  PHOT  ANAL 

Angular  distributions  as  well  as  energy  distributions  are  presented.  The  experimental  cross  sections  are  : 

compared  (o  the  results  obtained  from  a simple  modeL 


NUCLEAR  REACTIONS  TU(«,*He),  TLi(et!Li),  £=108,  163,  198  MeV;  mea- 
sured a (E,  S).  Natural  targets. 


] 


Ex(MeV) 


Ex(MeV) 


FIG.  3.  Electrodisintegration  cross  sections  at  110* 
in  the  laboratory  for  the  reaction  :Li(e,  4Li>ie'  . No 
theoretical  curve  is  shown  because  it  is  several  orders 
o£  magnitude  smaller  than  the  experimental  results. 

The  data  shown  are  for  an  incident  electron  energy  o£ 
163  MeV. 
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FIG.  4.  The  7Li(e,sH e)pe‘  angular  distribution  for  an 
excitatioa  energy  of  37.5  MeV  and  an  incident  electron 
energy  of  108  MeV.  The  curve  is  calculated  from  the 
model  described  in  the  text. 


FIG.  S.  Equivalent  pho  tod  is  integration  cross  section* 
for  the  reaction  7Li(y,p)sHe.  The  errors  reflect  statis- 
tical and  systematic  effects  associated  with  using  the 
El  and  £2  virtual  photon  spectra,  respectively,  in  the 
analysis.  The  data  from  other  laboratories  are  taken 
from  Ref.  2.  The  solid  line  is  the  calculation  of  Weise 
and  Huber  (Ref.  6). 


FIG.  5.  The  rLi(e, sLl)ne'  angular  distribution  for  an 
excitation  energy  of  102.5  MeV  and  an  incident  electron 
energy  of  163  MeV.  No  theoretical  curve  is  3hown  be- 
cause it  is  several  orders  of  magnitude  smaller  than 
the  experimental  results  and  shows  peaking  at  the  for- 
ward angles.  The  dashed  line  is  only  meant  to  guide 
the  eye. 


FIG.  7.  Equivalent  photodisintegration  cross  sections 
for  the  reaction  ’Li(y  ,n)sLl.  The  same  comment  con- 
cerning the  errors  made  for  Fig.  6 applies  here. 
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Measurements  have  been  made  for  the  first  time  of  the  contributions  of  the  longitudinal  and  transverse  *999-1  096  MEV 

components  to  the  cross  section  for  inelastic  scattering  of  electrons  by  the  "Li  nucleus  in  the  region  of  the  ~ 

pion-production  threshold  and  the  (33)  resonance.  The  violation  of  the  impulse  approximation  m the  region  of 

the  minimum  between  the  quasieiastic  scattering  peak  and  the  |33)  resonance  peak  is  associated  with  the 

contribution  of  meson-exchange  currents. 

PACS  numbers;  23.30.Cg,  27.20.  + a 


taa  :aa  :oo 


FIG.  X.  Longitudinal  and  transverse  components  of  inelastic 
scattering  of  electrons  by  TLi.  The  contribution  of  quasielastic 
scattering  was  subtracted  before  separation  of  <jt  and 
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The  photon  spectra  from  the  reac 

moo  ’Li(r.r') 

lave  been  studied  in  brenm 

tnhluai  honu  with  muimiim 

energies  27  and  3 1 MeV . It  is  shown  tint  the  peek  ax  8.5  MeV  is  due  to  forxn&rioa  of  the  JH  nucleus  during 
. . the  reaction. 
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FIG.  1.  Portion  of  the  energy  spectrum  of  photons  from  the 
reaction  Uly.yM  at  31  MeV.  T^e  energy  scale  was  est- 
ablished on  the  basis  of  the  total-abeorption  ptaLk. 
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FIG.  2.  The  sameaa  Fig.  1. 1.  a.  — total  absorption  peak.d.  e.  — 
double-escape  peak  (£?  = 1.02  MeV). 
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FIG.  3.  The  same  as  Fig.  1.  The  energy  scale  corresponds  to 
the  double-escape  peak. 


TABLE  L Characteristics  of  peaks  observed  ia  the  energy 
spectra  of  photons  from  the  reaction  rLi(y.  y). 
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22  •— 

•From  Ref.  1.  Ervtx-  32  MeV. 

"•From  Ref.  8,  £„„*  30  MeV. 

•""Obtained  on  the  assumption  that  the  peak  is  due  to  the  r 
action  rLi(r.  3H). 

•"""From  Ref.  7.  £,.,=  30  MeV. 
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The  a -t  interact**  pa  ten  till  model,  which  tikes  into  account  forbidden  sutes  in  'Li.  on  used  to  calculate 
cross  sections  for  the  ’Lilj'.  O'He  reaction.  In  addition,  the  energy  and  angular  dependence  of  the  reaction 
cross  section  was  also  measured.  Comparison  of  experiment  and  calculation  shows  that  the  model  describes 
£1  absorption  well.  However,  there  are  discrepancies  in  the  coefficients  which  determine  the  contribution  of 
E 2 absorption  to  the  angular  distribution. 

PACS  numbers:  23.20.  - y,  27.20.  + n.  21.60.Gx 


FIG.  2.  Triton  angular  distributions:  full  curve — calculation, 
points  with  experimental  errors — present  work,  crosses— Ref. 
7,  and  solid  points— present  data  normalized  to  the  data  in 
Ref.  6. 


77  0a(*  *G.  Jungtians  et  al.,  Z . Phys.  A291,  353  (1979). 

T0.  M.  Sfcopik  et  ai.,  Phys.  Rev.  C 20.  2025  il979). 


FIG.  3.  Coefficients  for  Legendre  polynomials:  full  curve— 
calculation,  vertical  lines  and  dashed  curve — Ref.  6,  and. 
open  points — Ref.  7. 
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BERYLLIUM 

Z=4 


Beryl i a (beryllium  oxide)  was  first  isolated  in  1797  by 
L.  N.  Vauquelin  from  beryl,  a silicate  of  beryllium  and 
aluminum,  from  which  came  the  name  beryllium.  The  word 
has  its  origin  from  the  German  word  Brille  "eye  glasses" 
for  the  reason  that  Nero  had  a kind  of  monocle  made  from 
optically  clear  polished  beryl.  The  alternate  name, 
glucinum,  reluctantly  adopted  by  Vauquelin,  was  suggested 
by  the  editors  of  Annales  de  Chimie,  publishers  of 
Vauquelin' s article,  because  of  the  pronounced  sweetish 
taste  of  its  salts. 
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Fig.  2.  Distribution  angulaire  da  la  reaction  Li8(p,  1 155  MeV. 
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Fig.  2.  The  cross  sections  a(E ):  The  solid  points  are  the  present  results  while  the  open  circles  axe  those 
of  Parker’s  corrected  values  ll).  The  solid  curve  indicates  the  theoretical  prediction  of  ref.  *). 
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Angular  distribution  parameters  for 
W(0^,)  = Aq  + cos©  + A^  cos^9  in 

Table  I. 

Parameters  for  W(9  )=A  ( 1-i-a,  cosS+acos 
' y'  0 1 £ 

in  Figures  10  and  12. 

Vain«»  of  th#  coefficients  of  th«  angular  distributions  is  figs.  7 md  8 
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a,  (left  3lde)  and  at  through  a,  (right 
side),  obtained  from  the  angular  distri- 
bution f 1 ts , as  a function  of  bombarding 
energy  for  the  y,  transition. 


- o 

m <3 
so  O' 

u 

ja  <r 
CD  O 
C CN| 


CD 

— 

a. 


• 03 

< O 

• c-l 

< -I  < 


CD 


CD 

3S 

ta. 

< 


on  • 
CD 

• « >, 

V ^ 

<r  a. 

^ • 
r-l  n 


r» 

vO 

O' 


■n 


u 

3 

Z 


fO) 


FIG.  8.  Contour  diagram  of  the  relative 
d!/i-  di/z  and  sf / 2 intensities  in  the 
proton  capture  reaction  7Li(p,ya)  which 
yield  the  observed  a coefficient  (a  * 
0.05).  Curves  are  given  for  the  two 
extreme  relative  phases  5 between  s and  d 
waves  and  for  the  two  branches  correspond- 
ing to  the  two  possible  solutions.  The 
configurations  predicted  by  the  schematic 
model  (see  text.)  are  shown  by  the  dots. 
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Abstract:  The  polarized  proton  capture  in  7Li  was  used  to  study  the  reaction  mechanism  and  to 
obtain  spectroscopic  information  on  the  *Be  nucleus.  Gamma-ray  angular  distributions  of  the 
analyzing  power  were  measured  as  a function  of  proton  energy  from  E,  =■»  330-960  keV  with 
three  Ge(Li)  detectors  simultaneously.  The  excitation  functions  of  the  cross  section  and  the 
analyzing  power  are  strongly  energy  dependent.  The  data  were  analyzed  unambiguously  and 
represented  by  three  K -matrix  elements,  two  Ml  and  one  El.  The  energy  dependence  of  the 
two  Ml  matrix  elements  agrees  with  the  well-known  two  1*  resonances  at  — 17.642  and 
18.167  MeV.  The  energy  dependence  of  the  El  matrix  element  shows  a smooth  background 
presumably  caused  by  a direct-capture  mechanism,  and  furthermore,  a resonant  contribution, 
which  is  a significant  suggestion  of  a new  l-  state  in  the  *3e  system  at  £,  — 17.70  MeV  with 
a width  of  r,  - 180  keV. 


* ENERGY  KEV,  POL  G 


Fig.  4.  Analyzing  power  angular  distributions  A,(E,  6)  of  the  Ti(p,  v)*Be  reaction  for  proton  ener- 
gies between  380  and  960  keV.  All  proton  energies  refer  to  the  center  of  the  target.  Error  bars  ere 

from  statistics  only. 
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Fig.  6.  The  2?i  and  Si  coefficients  obtained  from  the  fits  (eq.  (3))  of  the  datx  The  solid  lines  are 
only  to  guide  the  eye.  The  assigned  errors  result  from  the  fitting  procedure  of  the  complete  angular 

distribution. 
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w{E,  8 )/<(£,  8)  =■  StfV(cos  8) -r Si ./V (cos  8),  where  w(E,  Sj  is  in  /ib/sr. 


Ay(E,8^4  Nt  - Hi 

Nf  + N+ 

N+  = y‘s  counted  when  beam  with  polarization  P pointed  up  with 
respect  to  scattering  plane  interacts  with  7Li  target 
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Fig  . 4 . The  d ependence  of  the  yield 
of  photoneutrons  with  energies  higher 
than  30  mev  at  an  angle  of  90°  (in 
units  10"18cm2  per  elf.  quant  s ter aai an 
on  the  mass  number  A). 
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Fig.  11.  The  relative  yield  per  mole  for  neutrons  above  7.5  Mev 
as  a function  of  the  neutron  number. 
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FiC.  3.  Cross  section  for  the  Be'f-r.*)  reaction  as  determined 
from  a number  of  experiments:  circles,  present  measurements; 
dashed  curve,  Nathans  and  Haloern  (reference  18);  ctoss,  Carver, 
Kondaiah,  and  McDaniel  £PhiL  Mag.  45,  948  (1954)];  squares, 
Russel,  Sacks,  Wattenberg,  and  Fields  (TPhys.  Rev.  73,  545 
(1948)j,  triangle,  Snell,  Barber,  and  Sternberg  (~Phys.  Rev.  SO, 
637  (1950)];  inverted  triangles,  V.  O.  Eriksen  and  C.  P.  Zaleski 
Q.  phys.  radium  15,  492  (1954)]. 


Table  I.  Thicknesses  of  the  targets  used  in  the  experiment, 
with  the  exception  of  heavy  water,  all  targets  contained  isotopes 
in  their  naturally-occurring  proportions. 
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Fig.  14.  Experimental  and  expected  yields  of  neutrons  per 
incident  electron  for  1-radiation-length  targets  at  34.3  Mev,  as  a 
function  of  atomic  number  Z.  The  experimental  yields  were 
obtained  by  dividing  the  measured  yields  from  the  targets  labeled 
I by  the  actual  target  thicknesses  listed  in  Table  l.  The  expected 
yields  were  calculated  from  expression  (8). 
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Fig.  2.  Relative  cross  sections  per  neutron-proton  pair  in  the 
nucieus  versus  atomic  number.  The  cross  section  of  the  element 
of  interest  is  divided  by  the  cross  section  for  deuterium  and  bv  the 
factor  XZ/A. 


Fig.  3.  The  relative  cross  sections  per  neutron-proton  pair 
corrected  for  the  probability  of  escape  is  plotted  against  atomic 
number.  The  probability  of  escaoe  factor  is  calculated  usinc 
r,- 1.30X10-“  cm  and  \ = 3.6Xl(r“  cm.  The  probability  oi 
escape  factor  is  riven  in  expression  (1).  The  data  shown  are  thost 
of  Fig.  2 divided  by  P(2R/\). 
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Fig.  1.  Plot  of  the  photoneutron,  cross  section  of  Be’  restating 
from  measurements  described  in  this  article.  The  errors  indicated 
by  the  dashed  lines  represent  standard  deviations  associated  with 
reproducibility. 
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H.  Nguyen  Ngoc,  J.  Perez  y Jorba 
J.  de  Physique  .24,  965  (1963) 


c.*.  c-w.  - ■ 


Be 


METHOD 


Linac;  electron  scattering;  magnetic  spectrometer;  Faraday  cup 
and  SEM 


REE.  NO. 

63  Ng  2 


»VB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYRE  RANG* 

TYPE  RANGE 

E.E  / 

FMF 

4 - 47 

D 100-180 

MAG  - D 

135 

i • 


J-fr 


s 


i 


Carr*  du  foctdur  d#  form#  in#ta«ti4w« 

C«  4M«V 


'K 


4 ««  i 


Fig.  2.  — Facteur  de  forme  du  continuum  a * — 4 JlaV 
(compta  non  teau  des  tuvsaux  discrete). 


Fic.  3.  — Factaur  de  forme  du  continuum  4 e ■■  31  HaV. 
Courbe  1 : l’angla  da  diffusion  a 50°. 

Courbe  2 : l’angle  de  diffusion  4 135°. 


* ileV  Xt 


4 

(2.11 

± 0,22)  10—* 

S 

(1,36 

± 0,22)  10~ * 

12 

(1,34 

± 0,17)  10—* 

16 

(1,04 

± 0,14)  10—* 

19 

(0,925 

± 0,09)  10—* 

23 

(0,856 

± 0,09)  10—* 

27 

(0,37 

± 0,09)  10—* 

31 

(0.83 

± 0,09)  10—* 

36 

(0,75 

± 0,08)  10—* 

39 

(0,69 

± 0,08)  10—* 

43 

(0,82 

± 0,10)  10—* 

47 

(0,72 

± 0,10)  10“ * 

TABLEAU  I 

EtSCTaODBSISTiGaATIOS  ou  *Be 


o ± 

0,043 

± 0,006 

0 

0,106 

± 0,014 

0 

0,131 

± 0,015 

0 

0,109 

± 0,013 

(0,85  ± 0,06)  10-* 

0,063 

± 0,008 

(1,48  ± 0,11)  10—* 

0,065 

± 0,009 

(1,81  ± 0,13)  10-* 

0,077- 

± 0,010 

(2.61  ± 0,16)  10—* 

0,078 

± 0,010 

(2,26  ± 0,16)  10-*' 

0,093 

± 0,012 

(2,56  ± 0,19)  10 — * 

0,081 

± 0,010 

(2,43  ± 0,20)  10—* 

0,071 

± 0,010 

(1.73  ± 0,16)  10-* 

0,089 

± 0,014 

d*o 

dQdE  “ 

1 
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3 - \,/» 

(s)  a— i'll4 

a; 

1 

R - 2,75  f g - 0,85  f 

ronu  Njl-.  i 

IHIV.  7-  I 4.441 
U5COMM.OC  2SOIO.P«4 


PHOTONUCLEAR  DATA  SHEET  340 


NA  TlOrtAL 


■\zs  r or  1 

9USEAU  CP  3T 


>M£SC: 

AN  C A -»0.' 


1 


V 

V 

n 

v 


i 


i 


v 

n 


A 

K 


R 

I 

R 


F.R.  All urn,  T.W.  Quirk,  and  B.M. 
Nucl.  Phys.  £2 f 545  (1964) 


METHOD 


Spicer 


Be 


REF.  NO. 


64  Al  5 


JOC 


REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANSE 

TYPE  RANGE 

G.XN 

NGfX 

THR-34 

c 34 

THR- 1 6- 

DST 

Tabu  1 

Summary  of  present  experimental  data  at  34  MeV  bremsstrahlung 


Element 

_ £1 

ft 

a. 

«Be 

0.43  ±0.02 

0.05  ±0.01 

0.61  ±0.04 

0.094-0.0: 

uAl 

0.39  ±0.03 

0.05-0  01 

»Ti 

0.34±0.02 

0.06-0.0! 

t«Cr 

34  MeV 

0.33  ±0.02 

0.024-00! 

22  MeV 

0.1 3 ±0.07 

-0.02  =0.0' 

1.C11 

0.364-0.02 

0.104-00! 

uSn 

0.38  ±0.02 

0.1 1-0.0; 

wBa 

0.39±0.03 

0. 1 1 ±0.02 

t»Ta 

Before  installation  of  iron  shielding 

0.26  ±0.04 

0.13-4  0.01 

After  installation  of  iron  shielding 

0.27  ±0.02 

0.12-0.01 

„Pb 

target  diameter  3.0  cm 

0.39±0.03 

0.15-0.01 

target  diameter  1.5  cm 

0.40±0.03 

0.19—0  0: 

uBi 

0.42±0.03 

0.17  — O.o: 

Y — u,  + <j,  cos  04-a,  cos*  9 
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H.  Artus,  G.  Fricke,  D.E.  von  Stein 
Z.  Physik  J/7S , 109-12  (1964) 


Be 


METHOD 

Linac 


REF.  NO. 

64  Ar  2 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

detector 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,2N 

RLY 

21-57 

c 44,57 

ACT- I 

4P1 

REL  Tfl  C12  (G.N) 


Tabelle.  Ausbeuten  an  Be' 


3c7-Ausbcute  relativ  zu  C12(y,  n)  Clx  in  Prozcnt 

Isotop 

Fostca  und  Voigt 

Dicsc  Arbeit 

Xiedricsic 

Schwcllcnencrjie 

Ea-*i  McV 

£0_44  McV 

£0  - 56.5  McV 

3c* 

S±2 

7 X + °.5 
7’6-l,0 

,2+O.S 
3,2  — 1,3 

20,6  MeV 

3!» 

- 

7 1+W 
’ -0,9 

0 ,t0,6 

3,J—  1,4 

13,7  MeV 

3" 

- 

0 54"r^’*  ^ 
0,17 

0 34-0.17 
0,3  —0,25 

30,1  MeV 

i",: 

!2±4 

4 5-r°,3 
4,3  -.0,4 

5,S±0,3 

26,3  MeV 

’•oauirtich  • • . 

2 ±0.6 

1 3t0-2 
1,3 -0,3 

,3  + 0.2 
—’-0,4 

- 

■Lnscrejchert  . • 

- 

c q + 0,5 
6,9  -0,9 

8,0  ~°A 

— 1,J 

- 
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C.  Becchi,  L.  Meneghecti,  M.  Sanzone  and  S.  Vitale 
Nucl.  Phys.  22,  375-34  (1964) 


METHOO 

Betatron 


ELEM.  SYM.  a 


Be 


REP,  NO. 


Page  1 of  2 


64  Be  l 


JOC 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE 

range 

TYPE 

range 

G ,2a 

SPC 

THR  - 

34 

C 

18-34 

SCD-D 

3- 

90 

(18-33.5) 

G A 

SPC 

THR  - 

3 L 

C 

34 

SCD-D 

_3r 

DST 

Q 

At  least  3C%  of  Be7(y,n)2a  yield  in  range  18-25  MeV  goes  through 
Be  16.6  MeV  level. 


c/cftaAn«4 


•5  11  145  11  21  5 25  M«V 


Fig.  3.  Sum  energy  spectrum  of  a pairs  produced  in  the  reaction  BcJ— y — n— 2a  at  " 33.5 

MeV.  Corrections  are  made  for  x-p  and  a-d  coincidences. 
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Fig.  4.  Excitation  curves.  Full  line,  the  toduction  of  ic*  .n  the  ...,i  MeV  state;  dashed  line,  the 
production  of  pain  of  charge-  particles  with  sum  endrg>  ower  than  15  MeV. 


C.  Becchi,  L.  Meneghetti,  M.  Sanzone  and  S.  VitaLe 
Nucl.  Phys.  52.1  375-34  (1964) 

Be 

9 

4 

METHOD 

Betatron  Page  2 of  2 

REF.  NO. 

64  Be  1 

JOC 

REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

■ANGLE 

TYPE  RANSC 

TYPE  RANGE 

Ej  M«V 
i 

I 

ul 


Fig.  S.  Energy  distribution  between  correlated  a-panicies.  These  results  were  obtained  by  the  photo- 

*«  » •»=  ™«*»  B«‘(-A  *>Hc‘  a.,44  cornipSd  ,o"irU 
p aced  between  the  dashed  lines.  The  points  corresponding  to  events  due  to  the  reaction  Be»(y,n)Be« 
are  expected  to  be  distributed  between  the  solid  Lines.  f „ - 33.5  Mev, 


Fig.  8.  Spectra  of  photoproduced  i-particies  from  Be*  at  603  — 20°(A)  WfB)  and  no0- ?n°rr-i  -n,.«  ^ . . ... 

_ to  — u ana  i_u  =zu  (C).  These  spectra  were  corrected  tor  target  self- 

absorption.  Eym„  - 33.5  MeV. 
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E.  G.  Corman,  R.  W.  Jewell,  W.  John,  J.  E. 
Phys.  Letters  JjO,  Ll6  (1964) 


METHOD 


Na 


24 


gamma  rays 


Sherwood  and  D.  White 


Be 


REF.  NO. 

64  Co  1 


JOC 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RAN  OK 

TYPE  RANGE 

$ G,N 

N0X 

3 

D 3 

DST 

(2.753) 

(2.753) 

POL  OF  NEUTS 


Fig.  1.  Plot  o f the  polarization  of  photoneutrons  from 
Be^(y,n).  The  abscissa  is  the  y-n  angle,  the  left  ordi- 
nate the  observed  left-right  ratio  of  the  neutrons  scat- 
tered from  a helium  analyzer.  The  right  ordinate  is  the 
polarization  of  the  neutrons  calculated  from  the  data 
(Basel  sign  convention) . The  errors  on  the  measured 
points  are  statistical  only.  The  solid  curve  is  a least- 
squares  fit  of  eq.  (1)  to  the  data,  the  dotted  curves 
being  one  standard  deviation  from  the  best  fit. 
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A.  P.  Komar  and  Eu.  D.  Makhnovsky 
Nuclear  Phys.  6£,  662  (1964) 


Be 


METHOO 

Nuclear  Emulsion 


Page  1 of  2 


ref.  no. 

64  Ko  5 


EGF 


EXCITATION 

ENERGY 

SOURCE 

detector 

REACTION 

RESULT 

TYPE 

range 

TYPE 

range 

ANGLE 

G,P 

ABX 

15  - 32 

c 

35 

D 

MAG 

1-15 

DST 

G.N 

RLY 

15  - 32 

c 

35 

D 

MAG 

4-20 

DST 

G,D 

RLY 

21  - 35 

c 

35 

D 

4- 14 

DST 

Yd/Yp  = 0.2  ± 0.1 


26 

f d 

J18  Y’p 


11.9  ± 1.3  mb  - MeV 


31 

a dE  =15.6±2.5mb-  MeV 

is  Y»p  r 


dE 

r 


= 0.67  ± 0.09  mb 


35 


V 

g — dE  = 0.10  ± 0.07  mb 

r r 


Fig.  2.  Energy  distribution  of  Be*  photoprotons. 


Pi*.  3.  Excitation  function  of  the 
p)Li*  reaction. 
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A.  P.  Komar  and  Eu.  D.  Makhnovsky 
Nuclear  Phys.  6£,  662  (1964) 


Be 


METHOO 


Page  2 of  2 


REP.  NO. 

64  Ko  5 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

40- 


ISM'V 


10 

0 


SO  4C  so  SO  f 00 
d? aide  2? 

Fig.  4.  Angular  distribution  of  Be*  photoprotons. 


Fig.  J.  Energy  spectrum  of  i-particles  originating  in  the  photodisintegration  of  Be*.  The  histogram 
represents  the  overall  spectrum  for  the  two  photoplates.  The  smooth  curve  shows  the  spectrum  for 
the  photoplate  with  <p%  “ 3J’.  Arrows  indicate  the  energies  of  a-particles  due  to  the  decay  of  the 
Be*  nucleus  in  the  known  excited  states. 
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METHOO 

Betatron 


EL  EM.  SYM. 


Be 


REF.  NO. 

64  Lo  3 


JDM 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,G 

ABX 

10-30 

C 10-30 

NAI-D 

140 

The  effective  differential  scattering  cross  section  remains  quite  constant  from 
20-30  MeV. 
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G.  Tessler,  W.E.  Stephens 
Phys.  Rev.  5129-36  (1964) 


Be 


METHOO 


Tandem,  T^(p,y) 


REF.  NO. 

64  Te  1 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  range 

TYPE  RANGE 

G,MU-T 

ABX 

20-21 

D 20-21 

NAI-I 

96 

FlO.  8.  htuclear  absorption  cross 
section  in  Be®  as  a function  of  photon 
energy.  The  results  of  this  experiment 
are  piotted  as  dots.  Other  results  are 
shown  for  comparison. 


Table  IV.  Structure  observed  in  the  nuclear 
absorption  cross  section  curves. 


4nk 

Half -width  <rdE 

Element 

(MeV) 

(mb) 

(MeV) 

(Mev-mb) 

Be® 

20.47 

6.8 

0.13 

0.45 

20.73 

10.1 

0.15 

0.9 

0“ 

20.62 

21.5 

0.19 

3.9 

23.5 

—0.40 

10.4 

>22 

F> 

20.09 

21.9 

0.16 

3.5 
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METHOD 


G.  Fronterotta, 


El_  EM.  SYM. 


Be 


REF.  NO. 


65  Am  3 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/P 

RLY 

3-80 

d"  510-590 

MAG-D  407 

51 

Table  gives  parameters  of  Maxwellian  distribution  used  to  fit  data.- 


100  MEV  P COINC 


Table  I. 

A 

| 

(counting  rate) 

«(McV)  j Xo(.'TtcV) 

9.0  £0.9 

i 

:3-2  £1.0  j 524.9  - 0.7 

4.3  = 1.6 

26.2  — 2.7  : 539-4  = 1.9 
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elem. SYM. 
Be 


METHOO 

31  MeV  Betatron  and  100  MeV  Synchrotron 


REF.  NO. 

65  Co  2 


JDM 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

detector 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,XN 

ABX 

6 - 30 

C 6-80 

3F3-I 

4PI 

If 


po 

o 

r 

o 

J50 

o 

r 

o 

f° 


(YjTn)dEy  = 133  ± 9 MeV- mb 
o(Y,p)d£Y  ^ 39  MeV. mb 
dabs  dEY  = 172  MeV- mb 
dabs  dEY  = 137  MeV- mb 


5 5' 


SexiooA  d’arto  Integrate  della  ceaaiooe  3e*(T,  Tn).  £ anche  rappresentato  U contri- 
bato  del  ccotatort  EXT.  La  parte  tratteggiata  4 state  ricavata  dai  dati  di  Jakobsoa  [6], 
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REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 
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rauitati  otteauti  da  aitri  autoci. 


fobm  NBS-418 

IHCV.  T.U.M) 

uicoMM.oc  aaoio.p«a 


u.s.  oepahtmentof  commerce 

NATIONAL  BUREAU  OF  3TANOAROS 


PHOTONUCLEAR  DATA  SHEET 


352 


REF. 
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Sov.  Phys.  Dokl.  .10,  150  (1965) 


ELEM.  SYM. 


Be 


METHOO 


REF.  NO. 


65  Ko  2 


HMG 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANSE 

TYPE  RANGE 

G,P 

ABX 

18-31 

C 35 

EMU-D  1-20 

DST 

(35,65) 

36 

(1)  f d (EjdE  = (12  ± 1.3)  MeV-mb. 
“is  TP  T T 


Note:  Magnetic  spectrometer  used. 


35 

(2)  r 

J 13. 


(3)  YD 
YP 


= 0.20  ± 0.10 


Fig.  2.  Energy  distribution  of  photoprorons 
from  Be’. 


cm1 


Fig.  3.  excitation  function 
for  the  3e’(y.  p)U*  reaction. 


Caption:  Assumes  all  identified  protons 

resulted  from  Be5  ( p)  Li3  , that  the  angU' 
lar  distribution  was  isotropic,  and  that 
the  recoil  nucleus  was  produced  in  the 
ground  state  in  every  case. 
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METHOD 


El.  EM.  SYM. 

Be 


REF.  NO. 


65  Ng  1 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/ 

EMF 

2-47 

D 50-250 

MAG- D 20- 250 

DST 

Tabular  Data 


2.47.6.4  mev.con: 


Fin  = V.  x)/*x(</ II)  exp  ( — 7*gl/2)-  (1V-7 


HG.  I 2. 

) l*artfiir*  fir  forme  irH*liiMltffiir*  nifii|iiirrt  v ev  ]a  iirr.ii. 
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Fig.  4.  Beryllium  total  photonuclear  cross  sections.  The  solid 
line  is  drawn  as  the  best  approximation  to  the  experimental  points 
using  the  left  hand  scale.  The  (y,n)  cross  section  obtained  by 
Bertoazi  el  ai.  (Ref.  22)  combined  with  that  obtained  by  Nathan 
and  Halpem  (Ref.  23)  is  shown  as  a dashed  line  using  the  right- 
hand  scale. 


..v.,  ocr'uium  total  pootonudear  cross  section  integrated 
°Ye5,ener?y;  ine  ?oir>ts  represent  the  experimental  data.  The 
soud  line  is  tne  uncertainty  in  the  baseiine  introduced  ov  statistical 
Mnsioerations.  . ne  aasned  line  is  the  magmtuae  of  baseiine 
correcuon  appued  to  onng  the  cross  section  to  values  measured 
^Lrert0Za  1C  .10  M*y-  ,Tte  dot-dashed  line  is  the  corrected 
basehne  wnen  tne  radiative  correction  is  applied  to  the  elec- 
tronic cross  section. 
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Summary  of  Experimental  Results* 
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FL  (F) 
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£2 

(3.9 

± 0. 5)  x 10"* 

14.4 

3'.  7 7 t 0.48 

3.56 

Ml 

3.9 

± 0.4 

9.4 

2.96  * 0.11 

7Li 

11.28  ± 

0.05 

(Ml)  or 

(1.3 

* 0.4)/ g’ 

0.043/g 

(M2) 

(0.026 

* 0.008)  /g 

2.6/g 

*3e 

15.97  x 

0.03 

Ml 

(3.7 

±0.8)  /g 

0.043/g 

— 

“B 

4.46 

£2  and 

0.0173 

± 0.0021 

8.2 

3.44  x 0.50 

Ml 

0.64 

± 0.08 

0.34 

2.60  x 0.35 

5.04 
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1.34 

± 0.14 

0.69 
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“C 

4.43 
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0.0122 
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3.14  x 0.30 

“0 

6.92 

£2 
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± 0.015 
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3.82  ± 0.46 

11.52 
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0.52 

± 0.13 

1.31 

J4Mg 
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9.97  ± 
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0.03 

Ml 
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10.93  x 

0.04 
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0.26 

±0.11 

0.50 

“Si 

4.97  * 

0.02 

CO 

(2.0 

±0.5)  x l0-‘* 

6.90  ± 1.20 

*®Ca 

6.89  x 

0.05 

£2 

0.29 

± 0.04 

2.35 

4.60  x 0.50 

“The  3orn  approximation  has  been  used  except  for  iaO  and  *°Ca. 
(21,  * 1)  / (21,  * 1). 

* r.*  equivalent  to  ME  * (8.87  * 1.00)  FJ . 
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Fig.  X.  Spectrum  of  inelastically  scattered  electrons 
from  9Be.  Note  the  suppressed  zero  of  the  ordinate 
scale. 


Table  X:  Summary  of  experimental  results 
The  first  and  second  columns  give  the  excitation  ener- 
gies in  Be  and  the  multipolarities  as  determined  in 
ihis  experiment.  For  the  type  of  transition  indicated  in 
column  2,  the  ground  state  radiation  widths  17  and  the 
transition  strengths  in  Weisskopf  units  r w are  given  in 
column  3 and  4.  respectively;  the  statistical  factor  g is 
detined  by  g,  (2ff  * l)/(2f{  + 1)  with  » j.  The  last 
column  lists  the  transition  radii  as  defined  In  refs. 

15  or  X4. 
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sryTyf 

f^tr  (£m) 
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15.99  *0.06 
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10.5  *1.5 
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17.30  ±0.03 
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6.6 

4.3  ±0.6 

Fig.  2.  Spectrum  of  inelastically  scattered  electrons 
from  9Be.  The  inelastic  momentum  transfer  if  q = 
0.467  fm-1  in  the  upper  and?  = 0.3X0  fm"l  in  the  lower 
part  of  the  figure.  Note  the  suppressed  zero  of  the 
ordinate  scales . 
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Fiq.  1.  - Absolute  yield  for  the  'Bely,  Tm  reaction.  The  points  labelled  F.XT  represent 
the  contribution  from  the  external  BF3  counters  (see  text).  Up  to  8 MeV  the  yield 
curve  has  been  deduced  from  Jakobson’s  data  (4).  The  insert  reproduces  the  frequency 
distribution  of  the  sixteen  experimental  measurements  at  27.5  JleV. 
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Fig.  4.  Integrated  cross  section  for  the  reaction  Be;’(y,  />)Li”.  obtained  by  the 
method  of  Penfold  and  Leiss1"1  from  the  yield  curve  of  the  Li”  activity. 
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Fig.  5.  Differential  cross  section  for  the  reaction  Be’(y.  £)Li”,  obtained  by  the  method  of  Pen- 
fold and  Leiss1"1  from  the  Li”  activity  yield  curve. 
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Fig.  3.  The  spectrum  of  photoneutrons  from  'Be. 


Table  1 


Energies  of  state*  in  'Be  (MeV)  giving  rise  to  the  neutron  groups  observed,  assuming  decay  to  g.s. 
and  first  excited  state  of  'Be  respectively 


Neutron 

energy 

Emission 
to  g.s. 

Emission  to 
2.90  MeV  state 

10.9 

14.0 

16.9 

9.9 

12.7 

15.6 

8.75 

11.4 

14.4 

8.0 

10.6 

13.5 

7.0 

9.6 

12.5 

6.0 

8.4 

11.3 

4.7 

7.1 

9.9 

3.6 

5.7 

8.6 

Table  2 
Levels  in  'Be 


Levels  assigned 
energies  in  MeV 
error  =200  k«V 

Decay 

Other  reports 

Ref. 

Energies 

14.0 

g-s. 

w) 

14.4 

117 

g.s. 

“) 

110-12.5 

11.4 

g-s.  ■+•  first 

1*.  l«,  1#,  *•) 

11.3 

9.6 

g.s. 

9.1 

first 

u) 

9.2 

In  addition,  the  following  four  levels  are  consistent  with  the  observed  spectrum  but 
it  is  not  possible  to  decide  on  the  present  information  which  of  each  pair  of  states  is 
the  correct  one: 


Levels  assigned  Other  reports 


error  ±200  keV 

Decay 

Ref. 

Energies 

13.4 

first 

U,  14) 

13.3 

or  10.6 

g-s- 

8.6 

first 

or  5.7 

g-s. 
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EL EM.  SYM. 

Be 
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9 
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4 

METHOO 

REF.  NO. 

66  Vo  l 

JDM 

REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

OETECTOR 

angle 

TYPE  RANGE 

TYPE  RANGE 

G,P 

ABX 

THR  - 31 

c 21  - 81 

TEL-D 3 - 8 

90 

G,D 

ABX 

THR  - 81 

C 21-81 

TEL-D 3 - 6 

QO 

G.T 

ABX 

THR  - 81 

C 21-81 

TEL-D  Z - 7 

Q0 

c 


^*8*  Yields  of  photooroton*,  photodeuterons,  and  photo- 
triton* a*  a function  of  £,„  — hollow  circles;  differential  cross  sections 
for  the  reactions  as  a function  of  y-ray  energy  Ey  — solid  circles;  the 
arrows  indicate  the  positions  of  known  levels  £•  of  the  residual 
nuclei,  a -reaction  Be*(y.  /»;  4-  reaction  Be^y.  d).  the  heavy  black 
bar  denoting  the  theoretical  result  of  Madsen  and  Henley,1"  and  the 
arrow*  (i,  s)  and  (d,  />)  denoting  the  energy  threshold*  of  the  reactions 
Be*(y,  dn) Li*  and  Be+y,  dp)He*;  c-lhe  reaction  BeJ(y,  t). 


Table  I 


E.  MeV 

, 

*5 

£ttir 

Aib-MeV 

sr 

Er.  MeV 

£t- 

y BdEy< 

Eihr 
ub-  MeV 
sr 

V 

Atb-MeV 

sr 

| 

T5  Ey 

$BdEyl  y BdEy 
Ei'  - thr 

l 

2 

3 

4 

3 

s 

4.4 
4.8 

5.4 

435+32 
645  ±63 
329  ±36 

26 

29.3 

30.5 

264  ±8 
45  ±20 
56  ±10 

171  ±26 
600±43 
273  x26 

0.65 

13.3 

4.9 

Note.  The. function  B under  the  integral  sign  is  3 = d<nE.Ey)ldTl. 
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ENERGY 

SOURCE 

DETECTOR 

ANGLE 
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TYPE  RANGE 
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MAG-D 

DST 
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Table  l 


Measured  elastic  and  inelastic  form  factors 


£„ 

(MeV) 

0 

(deg) 

^ClMltC 

333.6 

40 

(4.49-0.45)10** 

(1.90=0.30)10-* 

333.6 

50 

(1.38=0.14)10-* 

(1.66  = 0.24)10-* 

339.1 

60 

(2.74=0.35)10-* 

(4.8  ±0.7)  10-* 

339.7 

70 

(8.3  =2.0)  10—* 

(1.3  ±0.7)  10-’ 

336.3 

80 

(3.9  =1.0)  10-* 

(1.0  =0.3)  10-* 

338.6 

90 

(1.3  =0.6)  10-* 

(2.3  =1.1)  10-* 

337.3 

100 

(1.4  =0.7)  10-* 

(8.3  =4.5)  10-* 

nn('<2) 


1 o - 


Be  t 

2.43  M eV  level  i 

i 

ALPHA  .PARTICLE  MODELS 


l NGUYEN  NGOC  ••  al 


Fig.  11.  Same  as  fig.  8 for  alpha-particlemodel.  Best  fit  is  obtained  with  £ =■  1.7  fm  and  ■■  4.6 
fm*.  Form  factors  calculated  with  Q , =»  3.6  fm*  and  Q,  =»  5.8  fm1  are  also  reported. 
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Table  2 


Root  mean  square  charge  radius  a and  spectroscopic  quadrupoie  moment  Q 


Reference 

r.m.s.  charge 
radius 
a(fm) 

quadrupoie 
moment 
Q(  fm1) 

this  work  (Harmonic-well  model) 

2.50 

3.8 

this  work  (Nilsson  model) 

145 

2.34 

this  work  (Alpha-particle  model) 

2.43 

5.8 

this  work  (Deformed-oscillator  model) 

2.45 

3.4 

Ref. l) 

2.0 

Ref.  *) 

2.9 

Ref.  *->) 

6.9 

Refs.  !I’“) 

3.2 

Ref.  ”) 

5.17 

67  Be  1 


JOC 


DETECTOR 


ANGLE 


Fig.  3.  The  quantity  Fzla(q2)  which  is  the  ratio  of  the  differential  scat- 
tering cross  section  to  the  Mott  cross  section  is  reported  for  the  2.43 
McV  level.  Best  fit  is  shown  in  the  harmonic-well  model  for  a *=  2.5 
fm  and  Q,  = 5.1  fm:  and  the  curves  for  Q , = 4.0  fm1  and  Q,  — 6.0  fmr 
are  also  reported.  The  test  fit  in  the  Nilsson  model  is  also  shown  for 
a = 2.45  fm  and  Q =■  2.34  fm1. 


Fig.  7.  The  'Be  elastic  form  factor,  calculated  in  the  Nilsson  model  for 
a r.m.s.  radius  a = 2.45  fm  and  different  values  of  the  deformation 
parameter  rj. 
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Fig.  3.  Threshold  photoneutron  cross  section  for  Be3.  The  data  have  been  normalized  to  the  average  of  the  gamma-rav  source  mea- 
surements of  Gibbons  A \ al.  ‘Ref.  7)  and  John  and  Prosser  (Ref.  8)  at  £,  — £ihr“26  keV.  Data  from  three  independent  runs  are 
shown  as  well  as  three  different  Breit-Wigner  curves  fitted  to  various  sets  of  data  points  (see  teat).  The  energy  resolution  is  indi- 
cated by  the  open  triangles  along  the  top  of  the  figure. 
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Fig.  5.  The  same  three  Breit-Wigner  curves  a3  shown  in  Fig.  3, 
together  with  the  data  points  of  Refs-  7 and  8.  The  dotted  line 
is  a fourth  curve  fitted  to  the  present  data  only  (see  text). 


Table  n.  Breit-Wigner  parameters  for  Be*. 


Case 

Es-Q 

(MeV) 

G, 

(MeV) 

(eV) 

(eV) 

(a)  Old  data  only 

-0.087 

0.5 

0.44 

1.8 

(b)  All  data 

-0.078 

2.1 

0-37 

1-5 

(e)  All  data,  weighted 

-0.115 

0.9 

0-31 
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Fig.  5. 

Sections  emcaces  differentielles  de  diffusion  a 140° 
pour  ’Be  (I),  “>B  (III)  et  llB  (IV). 
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Fig.  5.  Energy  distribution  of  the  photoproton  trucks  in  the  area  1 2.0 < xr  < -9.0  *nd - 10 < 
<r  < 3.0.  Corrections  hove  been  mode  for  the  energy  dependence  oi  the  detection  etiicienoy  sal 

lor  eeif  obeorptioa  in  the  target. 


Fig.  13.  Expenmen tnl  alpha-particle-energy  distribution  (histogram).  The  statistical  error*  ere 
shown,  ho  correction  for  the  target  ueif-nbsorption  hits  boon  introduced.  The  solid  curve  rive* 
the  expected  alpha  spectrum  from  a love!  around  17  MeV  in  *I3o  and  tho  dashed  curve  the  dnha 
spectrum  expected  from  the  *Be(-/.a)‘He  reaction  (see  text).  The  dot-and-dash  curve  showed* 
sum  of  the  two  calculated  curvea. 
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FIG.  1 . Pulse  spectrum  in  Al-1 00  analyzer  at  9 * 76*.  Target  - Be’ 
(~70  mg/cm1).  Electron  energy  1 19  MeV.  The  magnetic  field  of  the 
spectrometer  corresponds  to  the  following  proton  energies:  a — 1 2.3 
MeV.  counter  bin  Towage  60  V;  b — 1 8 J MeV.  canter  bine  wattage 
JOY. 
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Fig.  3.  Angular  dependence  of  cross  sections  (see  eq.  2)  at  different  momentum  transfers  (< f as  in- 
dicated) for  the  transitions  at  1.78,  2.44,  3.04  and  4.7  MeV.  The  straight  lines  are  least  squares  fits 

(see  table  2). 


Table  3 

Experimental  results 


£,  (MeV) 

r (keV) 

XX 

Ru  (fm) 

B(k,  D)‘) 

r7»  (eV) 

/y;rw 

1.78  ±0.03 

1 50  ± 50 

Cl 

(2.46) 

2.5  ■ 10-* 

0.3-40% 

0.13 

Ml 

2.7±0.5 

8.9  ■ 10-* 

89  • 10“*  — 1 1 % 

0.30 

C2 

3.1  ±0.4 

41.6 

1.S9-  10-J-7% 

24.4 

Cl 

(2.46) 

1.5  ■ 10-‘ 

0.45/g±83  % 

0.054/ g 

Ml 

2.9  ±0.9 

3.0-  10-* 

3.3  • 10_:,g  — 51  % 

0.15/g 

4.7  ±0.2 

700  ±300 

C(l) 

(2.46) 

2.3  • 10-* 

2.4/g±47% 

0.079  g 

6.4  ±0.2 

1100  ±300 

(G) 

(3-1) 

15 

8.2  ■ 10-*±42% 

8.3 

Column  3 gives  the  character  and  multipolarity  of  the  transitions  as  determined  in  this  experiment; 
CA  denotes  a longitudinal  electric,  MA  a magnetic  transition  of  multipolarity  A.  Values  in  parenthesis 
have  been  used  but  not  determined  by  this  experiment;  the  Ml  assignment  for  S,  =■  3.04  MeV  is 
tentative.  The  Ml  and  C2  reduced  photon  transition  probabilities  and  ground  state  widths  i'7) 
have  been  decreased  by  4%  to  account  for  the  error  of  the  Born  approximation.  To  calculate  /’7’ 
the  excitation  energies  given  in  column  I were  used  (without  errors);  only  for  the  2.44  MeV  level  was 
the  value  2.429  MeV  from  ref. l)  used.  The  statistical  factor  is  g = (2/-rl)/4,  with  / the  spin  of  the 
excited  state.  For  the  spins  of  the  leveis  at  1 .78,  2.44  and  6.4  MeV,  / = $,  4 and  J,  respectively,  were 
assumed.  The  last  column  gives  the  transition  strengths  in  Weisskopf  units  -T w defined  in  ref.  *’). 

*)  Units  are  fm1  for  Cl  and  Ml , and  fm*  for  C2;  k = EJflc. 

*)  Energy  of  the  centre  of  the  peak. 
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Fro.  6.  Observed  neutron  spectra  due  to  55-85-MeV  difference 
photon  spectra.  The  effective  cross  sections  have  been  divided  by 
SZ/A. 


Fic.  7.  Effective  cross  sections  for  production  of  fast  neutrons 
with  energies  greater  than  10  MeV  (solid  circles)  and  30  MeV 
(open  drcies)  by  the  55-85-MeV  photon  difference  spectrum.  The 
dashed  curves  are  modified  quaaideuteron  model  predictions  as 
discussed  in  the  text. 


Tabu  L Comparison  of  present  cross-section  values  in  mb 
for  production  of  high-energy  photoneutrons  by  55-85-MeV  pho- 
tons with  measured  cross  sections  9{y,Tn),  also  in  mb,  for  total 
photoneutron  production.  The  present  cross- section  values  are 
uncertain  by  8 to  10%  because  of  counting  statistics  and  normali- 
zation errors;  in  addition  all  values  depend  on  an  absolute  normali- 
zation in  terms  of  the  deuteron  photodisintegration  cross  section, 
which  is  known  to  about  10%  at  these  energies. 


Target 

(£«>  10  MeV) 
[Present 
experiment] 

<r(y,Tn) 

Jones  and 

Terwiiliger*  Costa  el  aiy 

Other 

results 

Li 

0.75 

1.0 

Be 

1.0 

2.7 

13 

2-3* 

B 

1.0 

1.4 

C 

1.5 

U 

1.4 

14* 

O 

1.3 

1.6 

A1 

2.8 

5.5 

4.6 

8* 

S 

2.1 

4.4 

6J* 

Fe 

4.2 

16 

12 

Cu 

4.3 

20 

19 

Zn 

4.4 

15 

In 

7.4 

Sq 

7.0 

Ta 

10.7 

95 

T1 

10.7 

Pb 

8.3 

100 

Bi 

13 

U 

16 

65 

••Average  cros*  section*  between  55  and  35  MeV.  a*  read  from  Flg«.  4 
and  5 of  Ref.  4. 

* S*mvdE  — f^dE/SO.  a*  taken  from  Fig.  4 of  Ref.  5 and  Table  I of 
Ref.  6. 

• S.  Costa.  L.  Pajquaiinl.  G.  Pirafino,  and  L.  Roaaio.  Nuovo  Clmento 
42.  306  (1966). 

4 G.  Bishop.  S.  Costa.  S.  Ferronl.  R.  Maivano.  and  G.  Rlcco.  Nuovo 
Cimento  42.  143  (1966). 
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Fig.  S.  Neutron  energy  soectra  for  beryllium,  aluminum,  and 
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Summary 

The  cross-sections  of  the  (y,  p)  (y.  d)  reactions  were  investigated.  Lir,  Be’.  C’*,  Si2*. 
Cu°,  Mo*4  and  Ta1*1  targets  were  irradiated  with  the  bremsstrahiung  of  700  and  1200  MeV 
maximum  energy  from  the  Kharkov  PhTI  Ac.  Sci.  UkrSSR  linear  accelerator.  The  photo- 
protons and  deuterons  were  detected  by  the  scintillation  telescope  at  30°.  60®,  and  120* 
with  the  beam.  Possible  mechanisms  of  the  proton  and  deuteron  photoproduction  are  dis- 
cussed. The  qualitative  agreement  of  A dependence  of.  the  cross-sections  is  observed  with 
a suggestion  on  the  meson  mechanism  for  these  reactions. 
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FIG.  1.  Cross  section  for  the  absorption  of  7 quanta  by  Be*  nuclei 
The  columns  show  the  results  of  the  calculation  in  [ '•] . 
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FIG.  «.  The  ratios  N^/Np  *s  i 
function  of  target-nucleus  mass  num- 
ber A at  an  angle  9 = o0J  for  E„  * 
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The  measured  secondary-particle  spectra  for 
kinetic  energies  T > 80  MeV  are  well  described  by 
the  expression 

d'a  / dQdTQ  =,  const  T exp  (-T  / 1),  ^ 

which  is  identical  to  the  formula  for  the  evaporation 
process. In  Table  I we  have  given  the  values  of  the 
parameter  r for  the  nuclei  studied,  at  various  angles. 
The  accuracy  in  determination  of  r is  about  10%. 
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Fig.  2.  Photoneutron  production  cross  section  in  ’Be,  deduced  from  bremsstrahlung  yield  data  on 
In)  using  a Leiss-Penfold  analysis  ll).  Analysis  bin  width  J£A  = 0.29  MeV;  3 sets  of  data 
interlaced.  Cross  sections  were  smoothed  by  treating  unsmoothed  Leiss-Penfold  data  using  as  resolu- 
tion-function formula:  a(Et)  = 0.1 5 <J(£i_,)-h0.70  <J(£,)-0.15  o(E,+,). 
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The  cross  section  of  the  "°Be  photoneutron  reaction  has  been  measured  from  the 
threshold  to  15.5  MeV  in  the  bremsstrahlung  beam  of  a betatron.  The  energy  de- 
pendence of  the  cross  section  has  a complicated  resonance  structure.  Possible 

g 

values  of  the  spin  and  parity  of  the  Be  levels  are  discussed. 


Cross  section  for  the  (yn)  reaction  of  9 Be.  The  dashed  curve 
is  calculated  (see  the  text) . 
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FIG.  4.  Transverse  form  factors  for  the  16.63-  and 
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FIG.  3.  Transverse  form  factors  for  the  T = j levels 
In  *Be.  The  solid  lines  represent  generalized  Helm  mod- 
el fits  for  Ml  transitions. 
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Table  3.  Beryllium.  BremsstrahJung  endpoint  energy:  400  McV.  Differ 

ential  cross- 

Energy 
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14 
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30 
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Fig.  6.  The  ratios  of  the  experimental  cross-sections  at  40  and  90  degrees  for  selected 
proton  energies  as  a function  of  atomic  number 
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Continuum  form  factors  obtained  from  the  present  experiment 
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9- 10 
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2.7  ±0.6 

1.3  ±0.4 

i. 5=0.5 

I.l  =0.3 
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2.3=0.25 
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154 

4.3  ±0.5 
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7 ±0.6 
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5.3  ±0.6 

7 
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3.3  -0.3 

5.0  =0.5 

6.4  ±0.6 

6.1  =0.6 

4- 

GO 

II 

O 

5. 9=0. 6 

4.2  ±0.4 
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5 —0.3 

5.0  ±0.7 

6.8  ±0.9 

8.0  ±1.0 

6.5  =0.7 

6.2±0.3 

5. 3=0.3 

' 

The  table  entries  represent  F*(q)x  IO5  for  a bin  of  width  I MeV. 
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Experimental  results  on  the  prominent  levels  observed  in  the  present  experiment 
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154 

(11.7  ±2.3) 

x 10-4 

(2.25  ±0.3; 

2.43 

120 

0.572 

(2.04±0. 14) 

xlO*2 

(1.05±0.07)x  10-2 

154 

(2.81  ±0.07) 

x 10‘2 

(1.43±0.04)x  10-2 

120 

0.793 

f 7.55  —0.23) 

x 10‘2 

(2.08  ±0.06)  x lO'2 

154 

(9.8  -0.3) 

xlO'2 

(2.68  ±0.03)  10‘2 

120 

0.912 

(17  ±0.7) 

x 10-2 

(2.96±0.1 2)  s lO’2 
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The  data  on  the  6.4  MeV  level  were  sealed  to  the  2.43  MeV  state  as  described  in  tite  text. 
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Fist.  3.  Same  as  fig.  2 for  Be. 


Table  1 

Absorber  characteristics  and  relevant  errors 


Li 

Be 

diameter  (cm) 
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Fig.  3.  Ratios  of  the  experimental  yields  of  protons  of  32  MeV  from 
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Fig-  — Comparison  of  the  yields  of 
protons  of  energy  99  MeV  at  40“  lab- 
oratory (this  experiment:  open  circles) 
with  the  yields  of  proton  of  energy 
97  MeV  at  30°  laboratory  (Ref.  5:  full 
circles).  The  vertical  arrows  indicate 
the  mean  photon  energies  for  detect- 
ing protons  from  JtJ-photoproduction 
from  hydrogen  for  identical  kinemati- 
cal  conditions 
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TABLE  V.  Electron  scattering  form  factors  for  3Be. 
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2.42  9- MeV  level 
Be  metal  target 

60.65 

163.66 

0.604 

0.4885 

22.9=0.6 

73.06 

163.44 

0.727 

0.3447 

26.1  = 1.7 

39.82 

110.79 

0.744 

0.3257 

20.3  = 0.9 

20.5  = 0.7 

86.31 

163.44 

0.357 

0.2207 

30.5  = 1.2 

90.08 

145.92 

0.365 

0.2144 

27.4  = 0.4 
26.1  = 0.7 

104.95 

110.79 

0.S63 

0.2113 

25.3  = 0.9 

24.9  = 0.5 

104.62 

145.71 

1.002 

0.1213 

30.4  ±0.5 

30.5  = 0.4 

122.00 

110.51 

1.006 

0.1202 

30.6=  1.0 

28.5  = 0.5 

117.62 

445.65 

1.125 

0.0676 

31.2=0.7 

120.01 

145.97 

1.148 

0.0598 

29.3  = 0.9 

27.0  = 0.3 

2.429  MEV  LEVEL 


1 Calculated  for  elastic  scattering. 
b Calculated  from  the  parameters  of  Ref.  56. 
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E.  Spamer,  Niicl.  Phys.  A120. 
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FIG.  9.  Form  factor  squared  of  the  2.429-MeV  (|“) 
state  in  J3e.  The  data  are  shown  before  the  separation 
Into  transverse  and  longitudinal  parts  was  carried  out: 

▲ — data  taken  at  163°,  9 — data  taken  at  145°,  •—  data 
taken  at  110°. 
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Fig.  2.  Total  photonuclear  cross  section  for  natural  Li.  The  error  bars 
indicate  one  standard  deviation  of  counting  statistics  from  the  main 
spectrometer.  The  dashed  lines  along  the  abscissa  indicate  the  uncertainty 
due  to  counting  statistics  in  the  normalizing  spectrometer.  Oscillations  of 
the  base  line  within  this  area  arc  possible,  the  period  of  these  oscillations, 
however,  must  not  be  smaller  than  10%  in  photon  energy.  The  dashed 
and  dotted  lines  through  the  cross  section  values  have  been  drawn  to  guide 
the  eye. 
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Table  [.  — Measured  cross-sections  obtained  jrom  Fig.  1-5.  The  photon  energy  cor- 
responds to  the  maximum  value  of  the  difference  spectrum. 
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t'l*.  4.  - Cross-sections  for  tho  photoproductlon  of  neutrons  in  ’Be  by  quasi-monochromatic  photons. 
Tli a dashed  line  shows  the  photon  spectrum  fitted  to  the  ground  state  In  'Be.  Tho  arrow  jives  tho 
threshold  for  the  (y,  np)  reaction.  (65.25  ---61.25)  MoV,  0a— 40.2*. 
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/4,f\(cos  9)  + /fiF2(cos  9)).  Data  are  as  follows:  + 22.5 
MeV  endpoint;  O 24.5  MeV  endpoint;  x 26.5  MeV  end- 
point; and  • 28  J MeV  endpoint. 
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Fig.  4.  Total  cross  section  for  the  reaction  ’Befr.n^Be. 
Data  are  as  follows:  A 22,5  MeV  endpoint;  O 24.5  MeV 
endpoint;  x 26.5  endpoint;  and  • 23.5  MeV  endpoint. 


422 


A.  Buchnea,  R.G.  Johnson,  & K.G.  McNeill 
Can.  J.  Phys.  56.,  47  (1978) 


METHOD 


* L EM.  SYM. 


Be 


78  Bu  15 


hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,  NA 

ABI 

17-26 

C 20-26 

SCD-D 

4PI 

G,N  to  8Be( 16.6) 


Alpha  panicles  from  the  9Be{y,n)*Be(l6.6)  and  9Be(y,et0)JHe  reactions  were  studied  in  the 
photon  energy  region  18  to  26  MeV ; the  results  yielded  a combined  integrated  cross  section  of 
13.1  ±2  MeV  mb  and  an  upper  limit  on  the  integrated  (y,a0)  cross  section  of  4.0  MeV  mb.  This 
agrees  within  error  with  the  integrated  cross  secrion  of  Becchi,  Meneghetti,  Sanzone,  and 
Vitale,  10  ± 2 MeV  mb,  which  would  contain  about  50%  of  any  contribution  from  the  (y,a0) 
reaction.  These  reactions  together  with  the  9Be(y,n,)8Be  reaction  (which  has  an  integrated 
cross  section  of  2.4  ± 0.4  MeV  mb)  are  the  major  reaction  channels  contributing  to  the  total 
photoneutron  cross  section  in  this  energy  region.  Their  sum,  15.5  MeV  mb,  agrees  well  with 
the  results  of  Nathans  and  Halpem  and  Hughes,  Sambell,  Muirhead,  and  Spicer  but  disagrees 
with  that  of  Costa.  Pasqualini,  Piragino,  and  Roasio. 


Les  parricules  a emises  lors  des  reactions  9Be(y,n)8Be(16.6)  et  9Be(y,s<,)8He  ont  eteetudiees 
dans  la  gamme  d'energie  1 8 a 26  MeV  pour  les  photons ; les  resultats  ont  fourni  ur.e  section  efficace 
totale  combinee  de  13.1  ~ 2 MeV  mb  et  une  limite  superieure  de  la  section  efficace  totale  (y,a0) 
de  4.0  MeV  mb.  Ceci  est  en  accord,  compte  tenu  de  1’erreur  experimentale.  avec  la  section  efficace 
totale  de  Becchi,  Meneghetti,  Sanzone  et  Vitale,  10^2  MeV  mb,  dans  laquelle  interviendrait 
une  contribution  d’environ  50%  de  la  reaction  (y,a0).  Ces  reactions,  avec  la  reaction  ’Befy.n,) 
•Be,  (qui  a une  section  efficace  totale  de  2.4  ± 0.4  MeV  mb)  sont  les  principaux  canaux  de 
reaction  qui  contribuent  a la  section  efficace  totale  photon-neutron  dans  cette  region  d’energie. 
Leur  somme,  15.5  MeV  mb,  est  en  bon  accord  avec  les  resultats  de  Nathans  et  Halpern  et 
Hughes,  Sambell,  Muirhead  et  Spicer  mais  sont  en  disaccord  avec  ceux  de  Costa,  Pasqualini, 
Piragino  et  Roasio. 

Can.  J.  Phys..  56.  47 < 1978)  (Traduit  par  le  journal] 


Taiile  2.  The  average  and  integrated  cross  sections  above 
18  MeV  photon  energy 
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Measurements  were  made  of  quasi  da  Stic  scattering  of  electrons  in  the  («,  «')  reaction  by  die  nuclei 
*Be,  1JC,  UN,  “O,  and  27 AL  An  experimental  estimate  is  obtained  of  the  effective  mass  of  an  intranuclear 
nucleon.  At  excitation  energies  up  to  30  MeV,  a ratio  Si*/  Si  = 0.6  is  obtained,  corresponding  to  a 
linear  potential  V(£)  =»  V,  4- 0.4 £ and  in  good  agreement  with  the  data  on  proton  scattering  by  nuclei 
[C  M.  and  F.  G.  Persy,  Atomic  Data  and  Nuclear  Tables  13,  294  (1974)].  At  excitation  energies  above 
120  MeV  the  nucleon  effective  mass  turned  out  to  be  dose  to  that  of  the  free  nucleon,  M*/Si  — 0.9. 
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PACS  numbers:  23.30.Cg.  27.20.  - a,  27 JO.  + t 


FIG.  1.  Differential  cross  sections  measured  on  the  *Be  nu- 
cleus at  an  Initial  electron  energy  799  MeV.  The  scattering 
angle  is  marked  on  each  plot.  Curves  1 and  2 show  the  theo- 
retical cross  sections  calculated  in  the  Impulse  approximation 
using  the  real  nucleon  mass  (1)  and  the  effective  nucleon  mass 
(2). 


FIG.  3.  The  same  as  Fig.  1,  but  at  an  Initial  electron  eaerQr 
U73  MeV. 


FIG.  2.  The  same  as  Fig.  1,  but  at  an  initial  electron  energy 
996  MeV. 


•**/> 


FIG.  4.  Seduction  coefficient  as  a function  of  energy 

transfer:  • — *3e,  a—  l!C,  C—  UN,  J— ;sO,  J— ;7A1.  The 
curve  has  been  drawn  through  the  experimental  points  by 
hand. 
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Data  on  the  differential  cross-sections  for  the  emission  of  photo-protons  from  beryllium  PROTONS  OVER  50  MeV 

irradiated  with  bremsstr2hlung  of  various  end-point  energies  up  to  a maximum  of  600  MeV 

are  presented  and  discussed.  Particular  attention  has  been  paid  to  the  photon  energy-region 

around  150  MeV,  where  a dip  in  the  total  cross-sections  for  photon  absorption  has  been 

reported.  No  evidence  of  anomalous  structure  is  observed. 

The  data  are  compared  with  the  predictions  of  the  intra-nuciear  cascade  model  PICA.  Good 
fits  can  be  obtained  with  a value  of  7.2  ±1.0  for  the  quasi-deuteron  constant. 


Fig.  1.  The  vieiCs  of  photo-protcr.s  (integrated  over  energies  fro:-,  shout  50  to  about  1 00  MeV)  observed  a:  'S.9  and  90.0  degrees  lab.  and  the 
values  of  partial  cross-sections  dertved  from  them  using  the  datu-srr.oothinz  method.  The  solid  curves  in  Figure  la  show  ihc  fruh-order 
polynomials  f ited  to  the  experimental  data  and  w hich  are  unfolded  to  giv  e the  values  shown  in  Figure  1 b.  The  permissible  ranees  of  •'ariation  of 
the  (partial)  cross-sections  arc  as  indicated.  This  is  discussed  in  the  text 
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Fig.  2.  Experimental  values  of  the  differential  cross-sections  for  photo-proton 
production  for  beryilium  irradiated  with  bremsstrahlung  of  maximum  energy  iso  and 
200  MeV  are  compared  with  PICA  predictions  with  L — 7.2.  Trie  energy-resolution  of 
the  experimental  data  varies  from  as  25  MeV  at  50  MeV  to  = IS  MeV  at ! 50  MeV.  Tne 
PICA  results  are  averaged  over  intervals  of  ten  degrees  on  cither  side  of  the  mean 
values.  The  experimental  values  at  different  angies  have  been  shifted  by  the  stated 
scale-factors  to  improve  the  legibility  cf  the  drawing.  The  dotted  lines  in  the  200  MeV 
diagram  show  the  effect  of  completely  excluding  photons  of  energies  between  i*0  and 
160  MeV  in  PICA 
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Fig.  -1.  Experiment.)!  values  of  tlic  total 
cross-sections  for  the  absorption  of  photons 
ir.  beryllium  nuclei  as  reported  in  [SJ  are 
compared  with  results  calculated  using 
PiCA  with  /.  = 7.2  and  with  those  given  by 
<r,.*  = 7.2  (iVPf//1)ffi.  As  can  be  seen,  the 
experimental  values  arc  considerably  lower 
than  expected 
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awiuu.  me  pruion  Npecirui  luncuons  or  li.  li.  be  ana  b obtaine 
at  700  MeV  are  presented.  The  results  were  analyzed  in  the  distorted- 
using  the  shell-model  single-particle  wave  functions  consistent  with 
results  The  observed  Ip  proton  momentum  distributions  lor  the  n 

d trom  the  (e.  e p)  reactions 
■vave  impulse  approximation. 

he  elastic  electron  scattering 
uclei  "Li.  Li  and  “Be  show 

ugnilicant  disagreement  wuh  the  shell-model  momentum  distributions.  The  occupation  probabilities 
of  ihc  proton  single-particle  states  are  around  0.7.  with  a lew  exceptions. 


*SEPARATION  ENERGY 


NLCLEAR  REACTIONS  " Li.  'Be.  "’B(e.  e p).  E = '00  VleV:  measured  a[  E^. 

E deduced  proton  spectral  t unctions.  DWIA  calculations.  Enriched  " 'Ll.  "’B  and  natural  ‘'Be 

targets. 


Fig.  5.  The  distorted  momentum  distributions  corresponding  to  the  optical  potentials  A (the  solid  curves)  and  B (the  dot-dashed  curves!,  and  the  undistortcd 
momentum  distributions  (the  dashed  curves),  calculated  irom  the  shell-model  single-particle  wave  functions  used  in  the  DWIA  antmsis  (ai  "Li.  (hi  I.i. 
Icl  'Be  and  Idi  ' B For  comparison,  data  points  in  (he  appropriate  separation  energy  ranges  are  shown.  They  are  arbitrarily  normalized  to  the  calculated 

distorted  momentum  distributions. 
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Fig.  3b.  Recoil  momentum  distributions  for  “Be. 
The  curves  are  us  in  fig.  lb. 
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Fig.  3a.  Proton  separation  energy  spectra  for  ''Be. 
The  curves  are  as  in  fig.  la. 
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The  total  cross  sections  relative  to  photoproduction  otT  the  proton  have  been  measured  for  the  reactions 
’0<-/.jr*)'4N  and  ^Li  over  the  energy  region  from  the  production  threshold  up  to  12  MeV  over 

threshold.  A distorted  wave  impulse  approximation  calculation  has  been  performed  for  the  sO(y.T'),0N 
reaction  and  is  seen  to  be  ~ higher  than  the  observed  cross  section  from  threshold  to  10  MeV  The 
'Befy.ir'y'Li  reaction  represents  the  first  (y.rrM  measurement  near  threshold  in  which  the  cross  section  is 
not  dominated  by  the  tr-<  term  in  the  production  Hamiltonian. 


NUCLEAR  REACTIONS  '"Oly, t *)ISN,  !Be(v,  t *)jLi,  bremsstrahlung  end  point  j 
energies  to  175  MeV,  measured  <r(£);  calculated  o-(£),  DWIA.  j 


FIG.  2.  The  ^ely,  T*)3Li  yield  per  equivalent  quan- 
tum. The  solid  curve  is  a fit  as  described  in  the  text. 
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FIG.  5.  The  measured  total  cross  section  for  the 
5Be(y, -*)' Li  reaction.  The  shaded  region  represents 
the  statistical  error  on  the  cross  section.  The  system- 
atic error  is  an  additional  7"  . 
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As  the  result  of  measurements  of  the  spectra  of  electrons  scattered  by  ’Be.  the  transverse  and 
longitudinal  form  factors  for  electrodismtegration  are  obtained  in  the  region  of  the  quasieiastic  scattering 
peak.  In  both  the  longitudinal  and  transverse  components  of  the  form  factor,  giant-resonance  p~.lt.  are 
observed  up  to  an  excitation  energy  63  MeV.  Hindrance  coefficients  are  obtained  for  the  quasieiastic 
scattering  cross  section  for  the  transverse  and  longitudinal  form-fa -tor  components.  The  ratio  of  the 
transverse  form  factor  for  quasieiastic  scattering  to  the  longitudinal  form  factor  is  measured. 

PACS  numbers:  13.30.Cq,  27.10.  ■+■  n 
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FIG.  2.  Form  factors  for  eiectrodislntegratioo  of  the  *3e  nu- 
cleus, measured  at  various  scattering  angles.  The  lines  are 
the  result  of  calculation  of  the  form  factors  for  quasieiastic 
electron  scattering1  with  values  of  8 and  £,  at  which  the  mea- 
surements were  made.  The  solid  circles  and  the  dotted  line 
correspond  to  the  experimental  results  and  calculation  at  8 
= 108“;  the  hoilow  circles  and  the  dashed  line  are  Cor  8 
= 52“3<7;  the  crosses  and  the  dot-dash  line  are  for  8=  48*3(7 
(the  measurements  at  8=  48*  are  given  for  the  portion  of  the 
spectrum  42  MeV  < e < 30  MeV'). 
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FIG.  4.  Transverse  and  longitudinal  spectra  of  the  differential 
form  factors  of  excited  states  of  the  sBe  nucleus  as  the  result 
of  subtraction  from  the  eiectrodisintegration  spectra  of  the 
quasieiastic  electron-scattering  continuum  pedestal.  The  solid 
line  in  Fig.  a has  been  drawn  by  eye  through  the  points,  and 
that  in  Fig.  b is  the  result  of  variation  by  tne  method  of  least 
squ.  ^es  of  the  locations,  heights,  and  half-widths  of  the  sum  of 
the  Gaussian  distributions  snown  by  the  dotted  curves. 
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FIG.  3.  Spectra  of  the  transverse  differential  form  factor  (a)  and  of  the  longitudinal  differential  form  factor  F^iq.Z)  (b) 

‘°r  eiectrodisintegration  of  Be.  The  solid  line  13  the  calculated  quasieiastic  electron  scattering  normalized  to  the  experimental 
data. 
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Momentum  spectra  of  protons  In  the  reaction  of  y + Be— p + anything  in  the  incident 
energy  range  from  180  to  420  MeV  were  measured.  The  spectrum  obtained  shows  two 
peaks  which  are  Interpreted  to  be  due  to  the  protons  in  reactions  y +“.V”  — p + ir  and  y 
+ ^ ””P+R.  whore  "N"  and  “d"  are  the  quasifree  nucleons  and  neutron-proton  sys- 
tems, respectively,  in  the  beryllium  nucleus. 
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FIG.  2.  Momentum  spectrum  of  the  protons  at  Er 
= 360±20  MeV.  The  solid  circles  represent  the  reac- 
tion y Be  — p (charged  particle!  +•  anything. 
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FIG.  3.  The  integrated  cross  sections  dcr(y  + “d”  — p 
Tnl/dGlg^  as  a function  of  incident  energy.  The  dotted 
curve  is  13xd<j(yfd  — p+n)/dClfree  for  similar  kine- 
matical  conditions.  The  errors  indicated  are  the  quad- 
ratic sum  of  statistical  and  systematic  uncertainties. 
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FIG.  1.  Momentum  spectra  of  the  protons  at  the  lab- 
oratory angle  25* ±5°  in  the  reaction  y + Be—  p +■  anything. 
The  dotted  curves  are  Gaussian  fits  of  the  first  peak. 
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The  reaction  9Be(y,  ;09Li  has  been  studied  with  bremsstrahiung  in  the  energy  range 
iGC-SOOMeV  employing  the  radioactivity  method.  The  cross  section  curve  deduced  is 
compared  with  an  impulse  approximation  calculation  including  a volume  and  a surface 
production  model.  In  the  energy  region  200-300  MeV  the  experimental  cross  section, 
approximately  7 jab,  is  best  reproduced  by  the  surface  production  model  with  a cut-off 
parameter  r0  equal  to  2.3  I'm,  i.e.  somewhat  larger  than  the  r.m.s.  radius  of  9Bc. 


E,  (MeV) 

Fig.  2.  Total  bremsstrahiung  yield  for  the  reaction  9Be(y,  it  * )°Li  as 
a function  of  electron  energy 


Ey (MeV) 

Fig. 4.  Solid  curve:  Total  experimental  cross  section  for  the  re- 
action Dcly, it  ' )° Lt  as  a function  of  photon  energy.  Dushtil  curves: 
Theoretical  cross  sections  for  the  _-,ime  reaction  assuming  a surface 
production  model  for  the  pions  with  different  salues  of  r,} 
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The  virtual  photon  spectrum  shape  and  intensity  within  several  MeV  of  the  kinematic  limit  was  measured 
for  *Be<e.!r''),Li.e'  and  l‘0(e,ir,')l6N,e'(T'»  = 28  MeV,  = 90").  The  intensity  over  this  interval  is 
1.25 +0.10  times  plane-wave  virtual  photon  theory  predictions;  the  shape  agrees  with  theory  within  errors. 
Measurements  on  the  proton  30  to  55  MeV  below  the  end  point  agree  with  the  intensity  predictions  of 
virtual  photon  theory  within  the  errors  ( + 8%). 
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MeV;  measured  <r  (£, , 90*1JB)  relative  to  (y,x*),  near  £,  = 18,  30  MeV.  Com- 
pared to  PWBA  virtual  photon  theory. 


TABLE  I.  Results  for  R/V , the  real-to-virtual  ratio  as  defined  in  the  text.  The  quantity 
£„  Is  the  incident  electron  total  energy,  T,  the  pion  kinetic  energy,  k the  virtual  photon  ener- 
gy, and  AT,  the  averaging  interval  over  pion  energy  in  the  experiment  (corresponding  to  the 
range  of  i).  Note  that  k is  close  to  the  end  point  for  ;sO  and  3Be  but  30  to  55  MeV  below  for 
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FIG.  1.  Number  of  pions  as  a function  of  virtual  pho- 
ton energy.  The  zero  on  the  abscissa  corresponds  to 
the  virtual  photon  spectrum  end  point,  179.9  MeV  for 
“O  and  184.3  MeV  for  3Be.  The  solid  curves  were  ob- 
tained as  described  in  the  text  and  normalized  to  the 
experimental  data. 
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Double  differential  cross  sections  for  the  photo-emission  of  protons  and  charged  pion  production  were  investigated  for 
a number  of  target  nuclei  (He,  Be,  C,  0,  Ai,  Ti,  Cu,  Sn,  Pb)  in  the  photon  energy*  range  = (215-386)  MeV.  On  the  basis 
of  these  expenmental  results  the  total  hadronic  cross  section  was  determined. 
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Fig.  4.  Cross  section  for  the  photo  emission  of  at  least  one 
charged  particle  of  energy  7"p  > Tp110  or  Tn  > r™10  off  Be 
in  a single  hadronic  process.  I Statistical  errors  only.) 

The  total  hadronic  cross  sections  for  all  measured 
elements  can  be  parametrized  in  the  form 
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Fig.  5.  Total  hadronic  cross  section  tor  Be.  Our  data  are  compared  to  ret'.  [31-  (Statistical  errors  only.) 


o(k,A)  = aQ(k)  • Ax  , 

A being  the  atomic  number,  with  a constant  exponent 
x=  1 .1-.  The  photon  energy  dependence  of  o0  is  shown 
in  fig.  7.  Compared  to  the  mean  cross  section  for  a free 
nucleon  (the  solid  line  in  fig.  7)  the  excitation  of  the 
Jk-resonance  is  suppressed.  Such  a suppression  is  ex- 
pected in  the  A-hoie  model  [11], 


Fig.  7.  Parameter  as  a function  of  photon  energy  (data  points)  compared  to  the  mean  cross  section  for  a free  nucleon  (solid  line 


FORM  MSS-418 

<R  CV.  7*1  4-441 
USC  OMM-N  BS-OC 


PHOTONUCLEAR  DATA  SHEET  433 


U.S.  DEPARTMENT  OF  COMMERCE 
RATIONAL  BUREAU  OF  3TANOARCS 


*er  J.  Arends,  J.  Eyink,  A.  Hegerath,  K.G.  Hilger,  B.  Mecking, 
G.  Noldeke,  H.  Rost 
Nucl.  Phys.  A3 58,  367c  (1981) 


EL  EM.  JYM. 


Be 


methoo 


ref.  no. 

81  Ar  3 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOP 

ANGLE 

TV.*  RAM  GC 

TV  PC  RA NSC 

G.MU-T 

ABX 

215-386 

D 215-386 

TOF-D 

4PI 

Abstract:  Double  differential  cross  sections  for  the  photoemission  of  protons  and 
charged  pi  on  photoproduct! on  were  investigated  for  a number  of  target  nuclei 

thp’snnn  m c Tl:  C»’  Sn:  Pi?)  usin9  the  ta9ged  bremsstrahl ung  beam  at 
the  Bonn  500  MeV-Synchrotron  in  the  photon  range  k =■  (215-386)MeV  On  the  ba- 
sis^of  these  experimental  results  the  total  hadronic  cross  section  was  deter- 
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Fig.  3.  Total  hadronic  cross  section  for  Be.  The  data  are  compared  to  the  cros 
section  taken  from  ref.a). 

are  Si  1 ^ t0tal  Cr°SS  Sect1'ons  for  heavier  nuclei 

fonn  ' ' su  ts>  The  complete  data  set  can  be  parametrized  in  the 


o(k,A)  = aQ(k)  . Ax. 


The  exponent  is  constant  x = 
fig.  4.  Compared  to  the  mean 
the  i-resonance  is  suppressed 


1.1.  The  photon  energy  dependence  of  a0  is  shown  in 
cross  section  for  a free  nucleon,  the  excitation  of 
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Abstract:  photoproduction  on  3He,  Li(nat)  and  9Be  has  been  measured  under  small 

angles  in  the  P 3 3 resonance  region. 
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Cross  sections  as  function  of  energy  and  momentum  transfer 
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Six  kinds  of  radioisotopes  were  used  to  measure  cross  sections  of  the  n)  reaction  near  its  threshold.  The  result, 

obtained  were  0.88  — 0.16.  1 .33  * 0.24.  1 . 10  * 0.20.  0.73  4:  0. 13.  0.47  * 0.09.  and  0.  i 8 c 0.W  mb  at  1674.7.  1705  ■> 
1724.9,  1778.9,  1836.0,  and  2167.6  keV,  respectively.  The  cross  seaions  measured  show  a sharp  peak  near  the  threshold 
and  its  width  is  narrower  than  that  observed  by  Jakobson  with  Bremsstrahlung  X-rays.  Comparison  of  the  present  results  with 
theories  based  on  the  valence  neutron  model  indicates  that  the  agreement  is  only  qualitative. 


On  a utilise  six  sortes  de  radioisotopes  pour  mesurer  les  sections  efficaces  de  la  reaction  ''Bely.  n)  pres  de  son  seuil.  Lc. 
resultats  obtenus  sont  0.88  r 0.16,  1 ,33  - 0,24,  1,10  a:  0.20,  0.73  a:  0.13.  0.47  a:  0.09  et  0, 18  i 0.04  mb,  a 1674.7.  1705.; 
1724,9,  1778,9,  1836,0  et  2167,6  keV,  respectivement.  Les  sections  efficaces  mesurees  presentent  un  pic  prononce 
voisinage  du  seuil,  et  la  largeur  de  ce  pic  est  plus  etroite  que  celle  qu'a  observee  Jakobson  avec  des  rayons  X de  freinace.  Lj 
comparaison  de  ces  resultats  avec  les  theories  basees  sur  le  modeie  du  neutron  de  valence  indique  que  I'accord  est  seulement 
quail  tan  f. 
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Table  3.  Results  of  present  measure- 
ments 


Table  4.  Optimum  values  for  the  parameters  A,  (i  = 1 — 4) 
in  the  fitting  function  for  the  cross  section  [4. 1 ] 
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Fig.  4.  Comparison  of  present  results  with  previous  data. 
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Abstract:  The  ,LiiJH,  ;-)'°Be  radiative  capture  reaction  has  been  studied  for  JH  energies  of  0.4-1 .1  MeV.  1 8=1  7 . 79 

Gamma  transitions  to  the  ground  and  first  excited  states’ are  observed.  Their  excitation  functions  Jtt  = 2+ 

at  O'  and  90:  and  angular  distributions  at  0.8  MeV  and  1.1  MeV  are  measured.  The  excitation  curves 
show  a peak  at  E,  = 0.8  MeV  corresponding  to  an  excitation  energy  in  10Be  of  17.79  MeV  This 
peak  is  interpreted  as  a resonance  and  the  assignment  J”  - 2*  is  determined.  The  resonance 
structure  observed  in  the  capture  reactions  at  0 is  much  more  pronounced  than  at  90  . indicating 
sizeable  contributions  of  the  direct  capture  process  to  the  radiative  transition  strength. 
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FIG.  3.  Ratio  of  (y,  d)  to  (y,  p)  cross  sections  for 
protons  and  deuterons  of  energies  15.5—30  Mev  as  func- 
tion of  atomic  weight  A.  The  solid  curve  shows  the 
dependence  given  by  Eq.  (2),  arbitrarily  normalized. 
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Table  1. — Photoproduction  of  ?Be 


Calculated 

Yield  of  7Be  relative  to  "C  (%)  Integrated  cross  section  MeV-mbarn  mass 


Foster  and  Voigt1  11 

Artus  et  a/.'*' 

Artus11' 

This  work  Nefkens  et  at 

GORAN1*’ 

This  work 

threshold 

Isotope 

Max.  energy  (45  MeV) 

44 

56-5 

31-8-57 

23  45-275 

30 

23 

-(2(MeV) 

•Ik 

8 ±2 

7-6 

+0-5 

-1 

8-2  +0-5 
82  -1-3 

1-88  ± 038  10 

1-2  ± 02 

047  - 0 09 

20-56 

“B 

7-1 

+0-5 

-0-9 

» UJ 

18-67 

"B 

0-54 

+0-13 

-0-17 

3012 

Natural  B 

2 ± 0-6 

1-8 

+ 0-2 
-0-3 

« UJ 

2-1  ± 042 

Enriched  B 

6-9 

+05 

-09 

- IS 

"C 

12  ±4 

4-5 

+ 03 
-04 

5-8  ±M 

13 

26-3 

“O 

Ul 

1,1  S»-\eral  experimental  yields  reported  from  31-8-57  MeV. 

M.  S.  Foster  and  A.  F.  Voigt,  J.  inorg.  nucl.  Chen:.  24,  343  (1962). 
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K.  Nefkjns,  G.  Moscati  and  J.  Todoroff,  Abstract  4d/C421  of  Contributed  Papers  to  the  Congress  International  de  Physique  Nucieaire,  Paris, 
July,  1464. 
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Fio.  7.  Effective  cross  sections  for  production  of  fast  neutrons 
with  energies  greater  than  10  MeV  (solid  circles)  and  30  MeV 
(open  circles)  by  the  55-85-MeV  photon  difference  spectrum.  The 
dashed  curves  are  modified  quasideuteron  model  predictions  as 
discussed  in  the  text. . 
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Tablx  L Comparison  of  present  cross-section  values  in  mb 
for  production  of  nigh-energy  photoneutrons  by  35-35- MeV  pho- 
tons with  measured  cross  sections  r(rr,Tn),  alio  in  mb,  for  total 
photon eu cron  production.  The  present  cross-section  values  are 
uncertain  by  8 to  10%  because  of  counting  statistics  and  normali- 
zation errors;  in  addition  all  values  depend  on  an  absolute  normali- 
zation in  terms  of  the  deuteron  photodisintegration  cross  section, 
which  is  known  to  about  10%  at  these  energies. 
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results 
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Be 
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2-3* 

B 

L0 

1.4 

C 
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1-3 
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1.6 

A1 

Li 
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46 

3“ 
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2.1 
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Fe 
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16 

12 
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43 

20 
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44 
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16 
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• Average  cro*»  lecoooj  between  5 S ud  IS  MeV.  u read  from  Fig*.  4 
and  5 of  Ref.  4. 

6 — yVWE/50.  aj  taken  from  Fig.  4 of  Ref.  5 and  Table  I of 

Ref.  6. 

* S.  Cota.  L.  Pxaquaiini.  G.  Piratmo,  and  L.  Roaaio.  Nuovo  CLmento 
42.306(1966). 

4 G.  3 La  hop.  S.  Coetn.  S.  Ferro  m.  R.  Mai  vino.  and  G.  Riceo.  Nuovo 
Cimento  42.  144  (1964). 
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j-jj  <2.  - Experimental  photoneutron  cross-section*  integrated  over  photon  energy  between  36  and 
S-4  Met*  and  divided  by  XZIA  aro  plotted  as  a function  of  tho  moss  number,  lllack  dots  are  total  croes- 
sections  not  corrected  tor  noutron  muiUpiicity:  open  circle*  represent  fuel  neutron  c rose -sections  isco 
text).  The  dashed  lines  aro  drawn  only  to  grade  tho  eye. 

Flff.  3.  - The  ratio  between  « fast  * and  total  photoneutron  integrated  cro«-acctioM  as  a function  of 
the  mass  number  A.  The  solid  line  represent*  a fit  of  the  ratios  calculated  for  somo  nuclei  by  taking 
into  account  the  theoretical  neutron  energy  spectra  given  by  Gabriel  and  Aibmller  (*)  and  the  eta- 
ciencies  ot  our  detector  (aee  Fbr.  1). 
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F:c.  1.  Level  diagram  for  the 
A =S  triad,  indicating  the  ener- 
getics and  decay  schemes  for  the 
various  reactions  studied  in  this 
experiment. 


Fig.  5.  The  total  capture  cross  section  for  the  Be;(^,7 ;B* 
reaction  as  a reaction  oi  proton  energy.  The  solid  curve  indicates 
the  energy  dependence  expected  from  the  Coulomb  barrier.  The 
arrow  inuicates  the  expected  position  of  a resonance  corresponding 
to  the  nrst  excited  state  of  B J. 
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_F:g.  6.  The  cross-section  factors  for  the  Be7(/>,7)B'  reaction  as 
a junction  of  proton  energy.  The  solid  curve  is  a renormalization 
oi  the  direct-capture  calculation  of  Ref.  6 to  the  present  data. 
At  the  intercept,  5,  = 0.0-13—0.004  keV  b,  and  idS/dE)* 
--4X10*‘b. 
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Fro.  5.  Excitation  curve  of  gamma  ray  to  ground  state  (7r— 3+, 
r-0)  of  B1*  in  BeH*£  at  90*  to  proton  beam.  Measurements  at 
0°  are  from  reference  4 (E.  and  G.)  and  one  point  from  the  present 
work  (M.T.  and  H.).  The  calculated  Breit-Wigner  resonance 
curve  for  the  0.99-Mev  resonance  is  indicated.  After  subtraction 
of  curve  from  the  experimental  values,  the  points  marked  by 
triangles  «e  obtained.  An  r-tvave  penetrability  curve  is  indicated. 
See  text  for  discussion. 


Table  H.  Resonant  gamma-ray  yields  in  Be*(^,y)  reaction  at  •£»”  1.086  Mev. 


B*  state  (Mev) 
to  wUcti  t ray  goe» 


7 (90*)« 
(relative) 


7 * 

(7/10*»> 


IV  r»(.tfi)< 

(ev)  (ev) 


0 

(3+) 

0.72 

(1+) 

1.74 

(0*) 

2.15 

(m 

3-58* 

(2*) 

5.16 

(2-?) 

Secondary 
r-ray  (Mev) 


0.41 

0.72 

1.02 

1.43 

2.15 

3.01 


$0.03 

1.00* 

$ 0.08  (0.04+0.02) f 
$ 0.08 (0.04±0.02) 1 
$0.04 
0_23±0.02k 


$0.2 

9.1 

0.98±OJ 

6.0* 

6.7 

(0.2±0.1)f 

4.2 

$0.05 

(0.2±0.1)' 

3.3 

$0.2 

1.3 

0.15±0.05 

1.3  ±0.1 

0.29 

1.5±0.4 
0.07  ±0.02 
0.03  ±0.01 
$0.07 
~0.03 


$0,008 

1.08±0.2 

$0.04 

~0.05 


• Relative  differential  cro*s  section  at  90*  with  respect  to  proton  beam  from  present  work. 

• Absolute  total  yield  from  reference  5,  calculated  from  yield  at  90®.  assuming  iaotrooic  cross  MCtioo. 

• Caicuiated  assuming  spin  0 for  this  resonance.  For  spin  1 the  widths  would  be  1 oi  the  values  given.  . ' . , u.  -jth_ 

4 -widths  caicuiated  from  Weisskopt  estimate.  See  reference  13  for  definitions.  For  S-1*  the  estimates  for  ffl  width*  are  2S  times  the  if  l widths. 

from  the  intensity  balance  of  secondary 


• Normal  Iced  to  this  value-  . , . 

t The  values  without  parentheses  are  caicuiated  from  the  capture  gamma-ray  intensities,  the  values  in  parenthi 

■ The  intensity  of  the  capture  transition  to  the  4.77-Mev  state  is  less  than  or  equal  to  that  to  the  3 .3 3- Mev  state, 
a A transition  probability  to  the  5.11- Mev  state  is  not  excluded  oy  our  results. 
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Tabu  L Resonant  gamma-ray  yields  in  Be* (£,7)  reaction  at  £,”0.33  and  0.99  Mev  (£,  — proton  energy). 


B“  state  (Mev) 
to  which  y ray  goes 

(d»/dQ)(90*)* 
Cub/4r  sterad) 

C 

2, -0.33  Mev  (11 
Relative  total  yields* 

i 4 

V 

(ev) 

|M|*e 

0 (3+) 

<50.7 

2.4 

2J 

<0.08 

<8(i/2) 

0.72  (1+) 

6.4+2 

6 

6 6 

0.7  ±0.2 

0.6X10“*(£1) 

1.74  (0*) 

15=fc4 

15“ 

15“  15“ 

1.7+0J 

2^X10-»(£1) 

2.15  (IT 

4.5+1.5 

3 

6.7  3 

0.5+0.2 

O^X10“*(£1) 

3-581  (2+) 

~1 

5 

~0.1 

~0_5X10-*(£1) 

5.16  (2~?) 

^ 2.9* 

3.6 

3.7 

<0-32 

<3(3/1?) 

Secondary 

7-ray  (Mev) 

0.72 

39+8 

1.02 

20+5 

1.43 

~10 

2.15 

2.8 

E,  -0.99  Mev  (21* 

Ba  state  (Mev) 

(<f»/<ffl)  (90*)* 

Tv' 

to  which  7 ray  goes 

0ib/4v  sterad) 

Relative  resonant  yield  (90*) ' 

(ev) 

|M|ts 

0 (3+) 

400“ 

400 

23“ 

11X10-*  (£1)- 

0.72  (1+) 

<10 

<30 

<0.6 

<0.4X10-*(£1)“ 

1.74  (0+) 

19+14 

<7 

0.7+0.5* 

40+30  (£2)* 

2.15  (1+) 

22+13 

<12 

1.3  ±0.8 

~2X10“i  (£1)» 

3.58  ‘ (2+) 

<0.4 

<1X10“>  (£1)* 

5.16  (2“?) 

<131 

<0.8 

<3  (i/1?)- 

Secondary 

7-ray  (Mev) 

0.41 

5.5+0.6 

0.72 

27+15 

49+5 

1.02 

22+8 

13+2 

1.43 

10+8 

2.15 

<2J 

2.3 

<3 

• Diderentiai  croes  section  at  90*  to  proton  beam  from  pumnt  work.  normalized  to  400  *b/4 » sterad.  Le,  rT  >13  ev  (see  reference  5),  far  the  ground- 
itmte  gamma  ray  at  £?  —0.99  Mev  (gee  reference  6). 

• These  yields  include  the  nonresonant  as  well  as  the  resonant  contributions.  For  a companion  of  our  results  with  those  of  reference  4.  see  Flo.  3 to  8. 

• See  reference  7. 

• See  reference  11. 

• See  reference  3. 

I Calculated  from  present  work  assuming  the  partial  and  total  level  widths  given  in  reference  1. 

s Ratio  of  zamma-cay  width  to  Weisskopf  estimate.  See  reference  13  for  definitions.  The  assumed  multipolarity  of  the  gamma  ray  is  given  la  parentheses, 
a Normalised  to  this  value. 

1 The  intensity  of  the  capture  transition  to  the  4.77-M ev  state  of  B<*  Is  less  than  or  equal  to  that  to  the  3_S8-Mev  state. 

1 The  major  part  of  this  transition  appears  to  go  to  the  3.14-itev  state;  a small  transition  probability  to  the  J.l  1-Mev  state  is  not  excluded  by  our  results. 

• The  existence  of  an  additional  2*  state  near  £»  -0.98  Mev  is  postulated  in  reference  9 and  appears  to  be  indicated  by  the  transition  to  the  1.74-itev 
state.  See  text. 

1 See  reference  J.  We  assumed  that  the  relative  errors  in  intensity  are  ooeJiaif  of  the  absolute  errors  given  for  the  yields  in  this  rrtrrm r» 

- This  value  of  |3f  |>  does  not  take  into  account  possible  transitions  from  the  2*  state  at  7 J Mev. 

• rT  and  lift1  calculated  for  a transition  from  the  2*  state,  assuming  Use  widths  for  this  state  gives  is  reference  9,  but  neglecting  a possible  angular 
anisotropy  (which  would  not  aflrct  the  value  within  the  stated  error). 
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Fig.  2.  Energy  distribution  of  eiectrons,  which  were  initially 
41.S  MeV,  after  scattering  through  1S0°  from  a B10  target. 
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Fig.  3.  Low  energy  gamma  ray  spectrum  of  Be* 
*p  at  1330  keV  resonance.  0.72  and  0.41  MeV 
(from  2.13  to  1.74  MeV  state)  gamma  rays  are 
seen  to  occur  along  with  0.51  MeV  annihilation 
gamma  ray. 


Table  I.  Observed  partial  gamma  widths  tor 
transitions  from  7.73  MeV  level. 


T ransition 

Partial  gamma 

A- 

from  to 

width 

exp 

MeV  MeV 

eV 

~."3 

0.0(9 

12.1-0.3 

0.29—0.03 

'.73 

0.72 

< 1.4 

< U.Od 

7.  ”3 

3.  ns 

■'1.1 

•:  0. 13 

- iO*rrs/33,c 
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r.«.  1.  Excioooa  ctirv*  0<  high  energy  ***  <*>M  MeV)  from  B*r». 

Six  paints  marked  -F*  correspond  a r«ooa«K*  al  f (,.-0  O-  *****  do.  ® fluon* 
caamiDtuoe.  The  yield  of  man.  rey  tn  die  *****  seme  <rf  B»«T*>  mo  lanmUad* 
k«V  rmuiKi  Mid  shows  by  arete*.  Gamma  ray  yield  from  proenn  bomfiarda^  « 
blank  tantalum  ts  ala.  dwn  at  dm  low 


3)  R.  D.  Edge  and  D.  S.  Gemmel:  Proc.  Phys. 

Soc.  (London)  71  (1953)  925. 

4)  W.  £.  Meyerhof,  N.  W.  Tanner  and  C.  M. 

Hudson:  Phys.  Rev..  115  (1959)  1227. 
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Fig.  4.  Angular  distribution  of  7S  at  1330  keV 
resonance.  The  second  order  coefficient  of  Le- 
gendre polynomial  expansion  is  estimated  to  be 
less  than  0.04  after  correction  of  the  finite  solid 
angle  effect. 


Fig.  2.  High  energy  gamma  ray  spectrum  cf  3o* 
t»P  at  1330  keV  reaooancc.  Transition  co  me 
first  ,'0.72  MeV)  and  to.  the  fourth  3.53  MeV” 
excited  state*  of  Bl*  and  subsequent  decay  to  the 
0.72  MeV  state  are  clearly  identified  in  aaa.- 
tioa  to  JV 


Tlg.  5.  T«  excitation  carve.  The  remit  of  present 
measurements  are  shown  by  circles  whose 
absolute  errors  are  typically  such  as  is  denoted 
by  a bar  at  MeV.  Filled  circles  with 

flags  and  solid  line  are  taken  from  ref.  4)  and 
3),  respectively.  The  calculated  3rot-Wigner 
resonance  curve  for  the  991  keV  resonance  is 
indicated  by  a broken  line. 
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Table  IL  Summary  of  measured  cross  sections  (miilibams). 


Source 

Energy* 

(MeV) 

Tam 

Li7 

Targets 

Li* 

Cu 

310 

Aluminum 

Copper 

Chlorine 

7.72 

4.1=  0.4 

0.06  ±0.01 

1.13=0.12 

1.7  —0.2 

7.91 

8.56 

10.8±1.0 
29  ± 6 

0.07  ±0.01 
0.17  —0.12 

1.1  ±0.2 

0.97±0.13 

Nickel 

Nitrogen 

Chromium 

Iron 

Iron 

9.00 
10.83 
9.72 
7.64 
9 30 

44  ± 6 
121  ±12 
84  ±25 
0.0±  0.9 

0.16  ±0.06 
1.07  ±0.23 
0.55  ±0.25 
0.079±0.014 

1.6  ±0.3 
1.3  ±0.2 

0.6  ±0.1 
4 ±2 

0.23  ±0.05 

0.11=0.01 
0.9  =0.2 
0.23=0.05 

Lead 

Sulphur 

Sodium 

Titanium 

Titanium 

Manganese 

Zinc 

7.38 

5.43 

6.41 

6.75 

6.61s 

7.16* 

7.88 

0.068±0.035 

1.2  ±0.2 
0.42±0.07 
0.6  =0.1 
U ±0.2 

0.9  ±0.1 
1.0  ±0.2 

0.3  ±0.3 

0.32±0.04 
0.4  ±0.1 
1.2  =0.2 

0.09±0.Q3 

• EnereiM  taken  from  Refs. 

4 and  5. 

b Weighted  average  oi  6.75- 

6.55-.  and  6.41- 

* Weighted  average  of  7.26- 

7.1S-,  and  7.03- 

MeV  t rayi. 
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Fig.  t The  inelastic  form  factor  for  excitation  of  the  studied  level.  The  three  curves  are  the  theoretical 
form  factors  for  £t(A  - 1),  £,(2  - 2)  and  £,(A  - 3)  transition. 
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Experimental  form  factors 


E* 

(MeV) 

6* 

<7i.  (fm-‘) 

F.W) 

F^O?*) 

d(Fla*) 

F ia* 

(%) 

98.6 

50 

0.410 

1.83  x 10~* 

7.05  x 10-1 

1.29  x 1 0 — * 

25 

119.6 

50 

0.499 

4.31  x 10 "* 

6.02  x 10-1 

2.59x10-* 

25 

98.7 

70 

0.556 

6.60  x 10-* 

5.24  x 10-1 

3.46  x 10-* 

25 

119.3 

70 

0.690 

1.31  x 10-' 

3.95  x 10-1 

5.18x10-* 

25 

150.1 

60 

0.740 

1.86  x 10-* 

3.35  x 10~* 

6.24  x 10"* 

30 

99.6 

130 

0.872 

4.62  x 10-* 

2.05  x 10-‘ 

9.46  X 10-* 

30 

98.6 

135 

0.895 

4.02  x 10-' 

1.83  x 10-1 

7.53X10-* 

20 

183.1 

60 

0.908 

5.23  x 10-* 

1.97  x 10-* 

1.03  x 10-* 

25 

119.3 
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1.08 

l.lOx  10-* 

9.33  x 10-* 

1.03X10-* 

25 

211.1 

70 

1.20 

1.47  x 10-‘ 

6.01  x 10-* 

8.80x10-* 

25 

221.1 

90 

1.54 

5.21  x 10*‘ 

9.66  x 10~* 

5.03  X 10-* 

25 

210.4 

105 

1.63 

3.2  x 10~l 

5.51  x 10“* 

4.53  x 10-* 

30 

221.2 

120 

1.88 

9.0  x 10”‘ 

1.31  x 10-* 

1.18  x 10-* 

40 

209.9 

135 

1.90 

1.3 

1.24x10-* 

1.62  x 10-* 

50 

See  the  text  for  the  definitions  of  quantities  which  label  the  columns. 
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Fig.  5.  The  neutron  production  cross  section  for  B1*  where  the  analysis  has  been  made  using  a l MeV 
grid  (a)  and  0.05  MeV  grid  (b).  Thresholds  for  the  neutron  producing  cross  sections  are  indicated 
by  vertical  lines  at  the  bottom.  The  indicated  errors  are  standard  deviations  based  only  on  the  number 

of  counts. 


Table  3 

Neutron  emission  cross  sections  integrated  to  29  MeV 


Target 

JadE  (MeV  • mb) 

Jad£J(60JVZ/A) 

J”ad£/(60NZ,M)  *) 

Li* 

36.1 

0.40±0.03  ») 

0.42 

Li7 

50.1 

0.49—0.04 

0.64 

B“ 

66.7 

0.44±0.03 

Bu 

68.6 

0.42±0.03 

0.47  «) 

O” 

61.9 

0.26±0.02 

0.30 

»)  Ref.”).  ~ 

*)  This  value  is  for  natural  boron. 

')  Estimated  systematic  errors. 
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Fio.  5.  Simplified  level 
scheme  of  Bl*.  Vertical 
arrows  are  resonant  gamma 
transitions.  Horizontal  lines 
above  18  MeV  indicate 
position  of  resonances  ob- 
served in  the  present  experi- 
ment. 
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Final  states  da 

inB10  — (90®)  Possible 
(lab)  rto,  (c.m.)  (MeV)  and  ddi  spin-parity 

(MeV) (keV) their  spins  (jib / sr)  assignments*,b 


1.1 

<500 

0 

3* 

0.8 

(1+),  2*,  3+ 

1.4 

4.77 

(2 +,3*) 

3.6 

<600 

0.717 

1- 

2.0 

(O'*),  1*.  2*  (3+) 

3.59 

2* 

2.2 

22 

280<r<420 

0 

3+ 
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(1+),  2*  3± 

4.77 

(2  *,3*) 

5.3 
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Fig.  1.  Excitation  function  for  the  *Li(<x,  y)103  reaction  with  a 30  keV  enriched  *Li  target  and  accept- 
ing */- ray  scintillations  corresponding  to  an  energy  range  2 MeV  < £,  < 4 MeV.  The  simultaneously 
obtained  neutron  yield  using  a moderated  BF,  counter  is  also  shown. 
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Fig.  7.  The  relevant  levels  of  10B  indicating  the  present  determination  for  y-decay  branching  ratios 

and  implied  level  characters. 


Table  1 


Radiative  widths  and  branching  ratios 
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Primary  radiation 

E, 

in  >*B 

^ < lAfcl 

Ey 

Branching 

aiy  «) 

(MeV) 

(MeV) 

(keV) 

(MeV) 

ratio  “)(%) 

(eV) 

1.09 

5.11 

2*) 

5.11 

64-7 

0.059=0.012 

4.39 

31=7 

0.028=0.008 

3.37 

5=5 

0.005-0.005 

1.18 

5.16 

< 0.5  ») 

5.16 

5 = 1 

0.035=0.007 

4.43 

24=3 

0.17  =0.04 

3.42 

2=1 

0.017=0.008 

3.01 

69  = 5 

0.47  -0.09 

2.43 

5.92 

10=1 

5.92 

32±5 

0.31  =0.06 

5.20 

18  = 5 

0.07  =0.02 

4.13 

< 0.02 

2.60 

6.02 

< 1.5  ») 

6.02 

100 

0.57  a-0.08 

5.30 

< 0.02 

*)  Taken  from  Meyerhof  and  Chase  *). 

“)  Only  reiauve  errors  are  given  for  the  branching  ratios. 
c)  Errors  given  related  to  absolute  errors. 
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Table  3 

Radiative  matrix  elements 
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in  10  B 
(MeV) 

/« 

Ey  coy 

(MeV)  (eV) 

r p 

A 7 

(eV) 

Mil 

ML 

ML 

Mm2 

Assumed 

multipole 

mixture 

5.11 

2~ 

5.11 

0.059 

0.035 

9 x 10-4 

1.5 

M2 

— = 0.0 l 
El 

4.39 

0.028 

0.017 

6 X 10  1 

1.5 

M2 

eT  ” °'0i 

3.37 

0.005 

0.003 

100±100 

- 

3.16  ») 

2 ♦ 

5.16 

0.035 

0.16 

0.06 

0.8 

E2 

— =»  0.02 
Ml 

4.44 

0.17 

0.78 

0.4 

4 

E2 

— - 0.01 
Ml 

3.42 

0.017 

0.08 

160±80 

— 

3.01 

0.47 

2.2 

3.8 

80 

E2 

— =•  0.01 
Ml 

5.92 

2* 

5.92 

0.31 

0.21 

0.05 

0.27 

E2 

— =■  0.01 
Ml 

5 x 10'* 

25 

E2 

mI  = 10 

5.20 

0.07 

0.04 

0.015 

0.1 

E2 

— — 0.01 
Ml 

1.5  X 10** 

9 

E2 

Ml  = 10 

6.02 

4* 

6.02 

0.57 

0.19 

4x  I0-* 

20 

E2 

Ml  ~ 9 

*)  In  calculating  Fyv  we  have  taken  = 0.87. 
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REF.  NO. 

66  KO  1 


JDM 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

detector 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/ 

ABX 

0 - 18 

D 50.60 

MAG-D  30  - 60 

180 

Table  1 

Excited  states  observed  in  l0BU"  = 3*)  by  inelastic  scattering  at  180°  of  electrons  of  primary  energy  50  MeV 


I 

2 

3 

4 

5 

6 

7 

3 

9 

10 

II 

Eb 

£• 

< 

dc/d£») 
(nb  • sr_l) 

/* 

Tran- 

sition 

F'(qr) 

F*(kr) 

dN 

K d* 

(M  tVfib) 

T»(eV) 

rm  (eV) 

ryrm 

Percentage 

experimental  References 

error 

2 

1.5 

1* 

E2 

0.615 

2.19 

16 

3.7  • 

io-* 

4.8  • 10-‘ 

770 

50 

3.58 

1.9 

2* 

Ml 

0.377 

1.29 

5ZS 

0.25 

0.96 

0.26 

50 

5.1 

2.0 

Ml 

0.396 

1.32 

74.8 

0.65 

2.80 

0.15 

r®(5.16)  «a  ICO  tneV 

2* 

E2 

0.64 

2.13 

46.1 

0.41 

9-  10-4 

25 

50 

ref.  «) 

M2 

0.64 

735 

0.125 

1.12 

• 10- 

' 3.4  • 10-4 

1.8 

r;(4.16)a»20  meV 

ref.1’) 

2- 

El 

0.396 

0.004 

27800 

248 

68 

18.5 

/^(4.77)  3 meV 

ref. ») 

5.9 

1.2 

Ml 

0.408 

1.33 

54.1 

0.71 

4.53 

0.16 

$.0 

2 * 

E2 

0.65 

2.11 

34 

0.45 

2-  10-* 

22.5 

50 

M2 

0.65 

519 

0.14 

1.8  • 

10-4 

7.8  ■ 10~* 

2-3 

2" 

El 

0.408 

0.005 

13200 

174 

110 

1.7 

7J 

15 

2* 

Ml 

0.426 

1.34 

829 

17.05 

8.49 

2.0 

25 

fg7eV  ref.  ») 

r=-  12±2  eV  ref.  “) 

8.9 

6 

Ml 

0.445 

1.36 

392 

8.15 

15.3 

0.53 

3+ 

E2 

0.67 

2.05 

260 

5.38 

0.154 

35 

25 

M2 

0.67 

215 

2J 

0.05 

5.9  • 10-« 

8-5 

El 

0.445 

0.013 

41000 

850 

372 

2-28 

- 

10.7 

5 

Ml 

0.465 

1.37 

390 

16.3 

25.7 

0.63 

2* 

E2 

0.68 

2.01 

266 

11.1 

0.36 

30.8 

25 

M2 

0.68 

140 

3.8 

0.16 

1.39  • 10-* 

11.5 

J'  - 2*  ref.  *») 

El 

0.465 

0.019 

27100 

1130 

630 

1.8 

form  NBS-41S 

IR  (v.  7-1  4-ea> 
uscomm-oc  2aoio-p«4 
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Tabu  1 

Excited  states  observed  in  10B(/“  =■  3*)  by  inelastic  scattering  at  180*  of  electrons  of  primary  energy  50  MeV 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

exp. 

±0.2  MeV 

da/dD 
(nb  ■ sr-1) 

J’ 

Tran- 

sition 

F'iqr) 

F\kr) 

dN 

— • 10+* 
d£? 

;<r7d* 

(MeVvtA) 

^(eV) 

r.(eV) 

rj/rw 

Percentage 

experimental  References 
error 

11.23 

3 

Ml 

0.472 

1.37 

422 

18.3 

29.9 

0.62 

2*. 

E2 

0.69 

1.99 

281 

13.0 

0.43 

2.9 

23. 

M2 

0.69 

124 

4.4 

0.208 

1.75  • 10-* 

11 

2* 

El 

0.472 

0.022 

25400 

1170 

720 

1.66 

11.9 

5.9 

Ml 

0.48 

1.37 

510 

26.4 

35.4 

0.74 

2* 

E2 

0.69 

1.98 

354 

18.3 

0.62 

29 

25 

M2 

0.69 

108 

6.47 

0.334 

Z38  • 10-* 

14 

2~ 

El 

0.48 

0.025 

27900 

1440 

860 

1.7 

12.7 

5.8 

Ml 

0.49 

1.37 

530 

30.8 

42.0 

0.74 

2* 

E2 

0.70 

1.96 

372 

21.6 

0.82 

25.5 

25 

M2 

0.70 

34 

7.73 

0.45 

3.18  • 10-* 

14 

2- 

El 

0.49 

0.028 

25300 

1480 

1020 

1.45 

13  J 

3.4 

Ml 

0.50 

1.37 

340 

23.4 

54.6 

0.42 

2* 

E2 

0.70 

1.93 

242 

167 

1-25 

13.4 

25 

M2 

0.70 

76.1 

61 

0.42 

4.8  ■ 10-* 

8.7 

2" 

El 

0.50 

0.035 

11300 

920 

1300 

0.7 

145 

23 

2* 

2- 

Ml 

E2 

M2 

El 

o o o © 

1.37 

1.92 

68.3 

0.038 

302 

217 

61 

10700 

. 22.7 

163 
0.45 
809 

62.0 
1.55 
6-  10-* 
1500 

0-37 

10-5 

7.55 

0.53 

30 

162 

6 

Ml 

0.526 

1.37 

692 

64.0 

84.4 

0.76 

2* 

E2 

0.72 

1.87 

506 

47.0 

2.6 

18.0 

25 

M2 

0.72 

5Z5 

5.6 

1.67 

0.1 

16.7 

2~ 

El 

0.526 

0.049 

19500 

1790 

2000 

0.87 

17±0.15 

S3 

Ml 

0.54 

1-37 

660 

70-2 

105 

0.66 

2 * 

E2 

0.73 

1.84 

482 

52 

3.8 

13.6 

25 

M2 

0.73 

43 

7.8 

2-21 

0.15 

14.8 

2~ 

El 

0.54 

0.058 

15200 

1630 

2500 

0.65 

*)  Note  that  the  differential  cross  section  in  column  2 is  measured  in  nanobarn/steradian. 
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REF.  NO. 

66  Ko  1 


JDM 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

type  RANGE 

TYPE  RANGE 

Ta»le  3 


Magnetic  transitions  in  nB  and  "B 


(I) 

exp. 

(2) 

/.  T, 

(3) 

da/dD 

(4) 

(5) 

rr1 

(6) 

(2A+1VW0) 

(7) 

F-* 

(8) 

(27t+l)/lM, 

(27,4- 

IMm. 

(9) 

(o/K 

- 4.5) 

Inglis 

(a/k) 

(8.16) 

POT 

(3.16) 

2BME 

(6.16) 

2BME 

50  MeV 

60  MeV 

50  MeV 

60  MeV 

"B 

2.15 

i 1 

3.95  ±0.4 

1.06 

0.353 

1 1.8  ±1.2 

0.58 

7.3  ±0.7 

2 ±1 

0.53 

0.44 

4.8  ±2.4 

9.28 

16.3 

15.7 

I5.I 

4.45 

.%  I 

5.1  ±1.5 

1.42 

0.388 

I4.6±4.3 

0.6 

00 

r4 

II 

Os 

3.3  ±1.1 

1.05 

0.46 

9.1  ±2.7 

20.1 

13.3 

13.4 

13.1 

5.03 

n i * 

9.6  _;2.3 

2.71 

0.395 

27.4  - 3.2 

0.615 

17.6  ±5.2 

5.8  ±1.7 

1.61 

0.475 

13.5  ±4 

28.5 

22.1 

23.1 

22.7 

8.92 

1 i** 

5.6  ±1.4 

1.72 

0.444 

15.5-3.8 

0.63 

10.9  ±2.7 

4.5  ±1.1 

1.34 

0.495 

10.8  ±2.7 

6.05 

6.52 

7.77 

9.35 

12.65 

1 } 

3.7 

1.24 

0.488 

10.2  ±0.3 

0.655 

7.65  ±2.3 

3.4 

1.08 

0.53 

8.15  ±2.4 

13.5 

10.0 

11.5 

12.5 

"B 


3.59 

2* 

0 

1.9 

±0.4 

0.7±0.35 

0.47 

0.17 

0.377 

8.9  ±1.3 

0.59 

0.45 

5.7 

2.6 

±1.1 

±1.3 

0.31 

0.13 

0.04 

0.000 

5.16 

2* 

1 

2 

±0.4 

0J 

0.396 

8.8  ± 1.7 

0.615 

5.7 

±1.1 

' 

1.7  ±0.3 

0.42 

0.475 

6.1 

±1.1 

4.46 

8.32 

5.93 

1.09 

7.5 

2+ 

1* 

16 

±4 

4.8 

0.426 

77.0  ±19 

0.62 

58 

±13 

81.7 

103 

103 

102 

11  ±2 

3.15 

0.505 

44 

±9 

3.9 

3* 

1 

6 

±1-5 

1.81 

0.445 

28.4  ±5. 6 

0.63 

20 

±5 

4 ±1 

1 

0.51 

14 

±3.5 

44.6 

33.9 

33.6 

29.6 

10.7 

2* 

1 '* 

5 

±1.25 

1.76 

0.452 

24  ±5.75 

0.635 

17.7 

±4 

6.5±1.3 

1.9 

0.51 

26.0 

±4 

19.5 

6.46 

10.6 

16.3 
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REF.  NO. 

66  Ko  I 


JDM 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

EXCITATION  ENERGY  (M.V) 


Fig.  1.  Spectrum  ol  51  VfeV  electrons  scattered  from  a **B  target  at  180*. 


Fig.  1 Spectrum  of  60  MeV  electrons  scattered  from  a laB  target  at  180*. 
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METHOO 


EL  EM.  SVM. 


10 


REF.  NO. 


60  MeV  Linac;  MAG. 
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66  Sp  1 


JDM 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPtt  RANGE 

TYPE  RANGE 

E,E/ 

ABX 

6.7 

D 32-57 

MAG-  D 

DST 

Tabelle  ± MeJSergebnisse  fur  die  uittersuchten  Kernniueaus 

Die  in  der  voriiegenden  Arbeit  bestimmten  Anregungsenergien  stehen  in  der  Spalte  2.  Zum  Vergieich  sind  in  Klamniem  die  NVerte  nacn 
Landolt-BOrnstein  (Neue  Serie  1961)  angegeben.  Mit  den  in  Spake  3 gegebenen  Spins  wurden  die  Strahlungsbreiten  VT?  berechnet.  rv  in 
Spake  8 sind  die  von  Wilkinson  — in  F.  Ajzenberg-Selove:  Nuclear  Spectroscopy,  Part  B.  New  York  and  London:  Academic  Press  1960  — 
benutzten  Wcisskopfeinheiten  (mit  R=  1,2  fm). 


I. 

1 

3. 

4. 

3. 

1 «• 

7- 

3. 

9. 

Iso  top 

Anregun  gsenergie 
(MeV) 

// 

Obergang 

SO.  k.  /,—!/) 
(a) 

R,r  km) 

r-9  (eV) 

r,#/r- 

Andcrc  Autorcn 
r.,  in  cV 

Bio 

6,014+0,020 
(6,04  ±0,02) 

4+ 

C2 

±44  ±0,25 
±34  ± 0,25  e 

3,70±  0,30 
3,40±  0,30c 

0, 1 22  ± 0.020  b 
0, 1 16  ± 0,020  = 

14 

o,i:o2 

(/i=3  + ) 

7,477  + 0,020  d 
(7,47) 

2+ 

| Mi  I 

1,97  ±0,26 

±70  ±0,20 

12,0  ±2,2 

i 

1,4 

17' 

Bu 

2,120  ±0,030 
(±138  ± 0,006) 

1- 

2 

Ml  ] 

±60  ± 0,20 

i 

i 

s.  Text 

8,561  ± 0,020 

j- 

! Ml  \ 

j 0,72  ± 0,30 

0,055 

(A=n 

(8,568  ± 0,007) 

2 

C 2 ! 

1,08  ± 0,16 

3,90  + 0,50 

i 0,40  +0,10 

7,3 

1 

8,926  ±0,020 

i Ml  ! 

0,81  ±0,08 

±65  ± 0,21 

4,0  + 0,6  f 

0,27 

0.06  27 ; 7,9* 

(8,923  ± 0,004) 

r 

1 c2  ! 

0,24 

a)  Einheit  10_M  cm4  bei  C± 10_:scm-bei  Ml.  -b)  Mit£j(£2)/rS(Afl)=9  nach  -3  ergibt  sich  r?(A/I)=0,014eV.  -c)  Daten  Darmstadt 
und  Orsay  (s.  Fig.  8).  — d)  rto,2:40keV.  — e)  Daten  von  1 mit  e=7,48MeV  anstatt  £ = 7,9  MeV  ergibt  r£=14eV.  — f)  Mit  Daten 
von  27  foigt  /"4s:0,03  eV.  — g)  Daten  von  1 mit  «=8,93  MeV  wie  Ml  ausgewerteL 


Zoln 

liA» 

aoo 


soo 


400 


200 


0 


B,1.Ul»,Eo=54.0MeV 

I 

1 


Fi*.  1.  Energieverteilung  der  von  ernem  3"-Target  ;nmuim  Eiektronen.  Diem  Obersichumessung 
wurto  mcht  auagewenet.  Dio  relative  Energieunvcharfe  von  Primantrahl  und  Spektrometer  betrug 
(J £/£}„-(d  £l£)s  —0,1% 
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REF.  NO. 

66  Sp  1 

_ JDM 

REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RINSE 

TYPE  RANGE 

Tabelie  1.  Experimentelle  Parameter  u/id  Mefiwerte 


e 

1 A 

Q2 

A, III  A 

(■ datin'!  R * 

BU,  q) 

BU,  q ) 

1 

n 

(MeVI 

( ± Fehier  in%) 

( 10”-2 

(a) 

(a)  (b) 

B10 

104,98 

. 31,85 

0,054 

0,149+  18 

1,58  + 0,29 

2,09  + 0,38 

6,01  MeV  , 

104,98 

36,01 

0,071 

0,269+  15 

2,16  + 0,32 

2,13x0,32 

C2 

129,02 

. 34,98 

0,086 

0,423+12 

1,04  + 0,13 

2,19-0,26 

i 

104,98 

| 44,10 

0,109 

0,529-  15 

2,92  + 0,44 

1,81+0,27 

129,02 

1 44,10 

0,141 

1,070+  12 

1,48  + 0,18 

1,82+0,22 

i 

92,91 

! 54.54 

0,143 

1,190+  10 

6,60  + 0,66 

1,95  + 0,20 

! 

117,04 

57,80 

0,223 

2,234+  12 

3.14-0,38 

1,43  + 0,17 

i 

141,11 

, 54,88 

0,244 

3,560+  10 

1,30  + 0,13 

1,64-0,17 

141,11 

' 53,07 

0,227  i 

2,900-  12 

1,17  + 0,14 

1,61  ±0,18 

B‘° 

129,02 

i 29,20 

0.057 

0,676  + 20 

2,39  + 0,48 

1,65-0,37 

1,89 

7,477  MeV 

129,02 

34,98 

0,081  : 

0,871  + 18 

2,14+0,39 

1,38-0,27 

1,74 

Ml  1 

129,02 

. 39,83 

0,109 

1,225+  15 

2,23  - 0,34 

1,44-0,24 

1,65 

129,02 

: 44,10 

0,136 

1,591  + 15 

2,20-0,33 

1,41-0,23 

1,53 

153,15 

41,78 

0,139 

5,870  ± 17 

2,10x0,36 

1,63-0,29 

1.97 

92,91 

■ 54,54 

0,140 

0,518-20 

3,23  + 0,65 

1,17  + 0,29 

2,00 

165,05 

50,26 

0,216 

21,200  x 10 

1,25  + 0,13 

0,98-0,10 

1.14 

117,04 

57,80 

0,217 

1,290  x 12 

1,64  + 0,20 

0,92-0,12 

1,10 

129,02 

55,28 

0,220 

2,060  + 12 

1,53  + 0,13 

0,98  + 0,12 

1,16 

153,15 

51,73 

0,221 

7,280  x 15 

1,35  + 0,20 

1,01  + 0,15 

1,27 

141,11 

53,07 

0,220 

3,484  x 10 

1.41-0,14 

0,99-0,10 

1,24 

141,11 

54,88 

0,237 

3,720  + 12 

1,36  + 0,16 

0,95x0,12 

1,28 

Bu  i 

141,11 

53,90 

0,242 

1,210-20 

0,49  + 0,10 

0,34-0,07 

2,12  MeV 

129,02 

54,15 

0,282  : 

0,810+20 

0,63-0,13 

0,33  + 0,07  1 

Ml 

i 

B11 

129,02 

32,55 

0,067 

0,130-50 

0,37-0,18 

0,60-0,55 

8,56  MeV 

117,04 

40,55 

0,099 

0,280+20 

0,92+0.19 

0,86  - 0,22  ’ 

C2+M1 

129,02 

42,59 

0,123 

0,450+  14 

0,68-0,10 

0,81  -0,16 

i 

141,11 

45,05 

0,151 

0,330+20 

0,53-0,11 

0,87-0,24 

.141,11 

51,56 

0,203 

1,340  x 12  ; 

0,59  - 0,07 

0,75  + 0,12 

i 

165,05 

49,26  i 

0,203 

2,790+30 

0,18  + 0,06 

0,65-0,65  ■ 

; 

117,04 

57,08 

0,206 

1,040  x 10 

1,37  + 0,14 

0,65  - 0,08 

i 

129,02 

54,15  ! 

0,207 

1,230  x 10 

0,97  + 0.10 

0,72-0,09 

153,15 

52,23 

0,221 

1,940  x 19  : 

0,35  + 0,07 

0,76-0,23 

141,11 

53,90  ! 

0,223 

1.230x  IS 

0,47  - 0,09 

0,52-0,15 

153,15 

56,93 

0,267 

2,240  ± 20 

0,31x0,07 

0,53x0,16 

B11 

129,02 

32,55 

0,066 

0,268-24  , 

0,78-0,19 

0,62-0,15 

0,63 

3,93  MeV 

117,04 

40,55 

0.098 

0,283  ± 20 

0,92-0,18 

0,63-0,14 

0,66 

Ml 

129,02 

42,59  i 

0,122 

0,529-  14 

0,31  -0,11 

0,59-0,09 

0,61 

141,11 

45,05  ■ 

0,149 

1,125-14  ; 

0,72-0,16 

0,56-0,08 

0,57 

141,11 

51,56 

0,201 

1,339x  12  1 

0,59-0,07 

0,44-0,06 

0,45 

! 

165,05 

49,26 

0,202 

3,792-  12 

0,55  + 0,07  , 

0,45  + 0,06 

0,45 

117.04 

57,08 
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a)  Einheit  10  acmJ  fur  Ml\  10  51  cm4  fur  C2.  — b)  Andere  Auswertung:  totale 
Fiache  statt  Anpassung  fur  7,477  MeV,  ohnc  Korrekrur  des  ionguudinalen  Antcils 
fur  8,93  MeV. 

* R ist  der  RucksioOfakior  [s.  Text  zu  Gl.  (1  a);  (1  b)].' 
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Table  I.  Experimental  data  on  resonances  in  the  cross  section  for  the  reaction  310(y,  p)BeTand 
theoretical  values  of  the  radiation  widths  of  B10  levels 
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FKi.  I.  hnergy  distribution sjf  pholoprotons  (histogram)  anil  cross- 
action  curve  for  the  reaction  U'°(7,  p)Ue’  f solid  curve).  The  cross- 
section  values  anti  the  number  of  protons  in  the  region  below  2.75  MeV 
have  been  reduced  by  a factor  of  10. 

d calculated  on  assumption  that  the  final 
nucleus  Be3 is  left  in  the  ground  state. 


JO  JO  uo 
9,  acg. 


FIG.  2.  Angular  distributions  of 
photoprotons:  a - for  the  proton 
group  with  energy  1.5  2.15  MeV: 

h lor  Hie  proton  group  with  energy 
2.25  2.55  MeV.  Solid  curves  - 

results  of  a calculation  on  the  assump- 
tion^ M 1 transitions  to  levels  with 
spin  I 3 2 fa)  and  I = 3 (b). 
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Resonances  in  the  7Li(r,y)10B  reaction 
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')  Assumes  isotropy;  angular  distribution  not  determined  in  present  experiment. 


A*er»ct:  Existing  data  on  four  resonances  seen  in  7Li  l-r  reactions  have  been  re-examined,  and 
additional  measurements  of  the  reaction  ’Litr,-/)'*!}  have  been  made,  in  order  to  better  estab- 
lish the  spins  and  parities  of  the  l0U  compound  states  involved.  The  excitation  energies  of  these 
states  and  their  most  likely  assignments  arc:  18.4  MeV,  2":  18.8  MeV.  (|  *,  2*):  19.3  MeV,  2*: 
and 20.2  MeV,  1 ".  All  appear  to  be  T =>  1 states. 

NUCLEAR  REACTIONS  ’U(JHe,y),  £ =»  1.1,  1.4,  2.2  MeV;  measured 
^(Ep  97).  iaB  deduced  levels.  J , it.  Enriched  target. 
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*-s- 

(3+,  0) 

< 4.6 

4-5±2 

5-5=2 

0.72 

(l-,0) 

20=2 

13=3 

19=4 

24  ±4 

1.74 

(0M) 

53—2 

66=4 

53=3 

62  ±4 

2.15 

(1*,0) 

13  = 1 

8=3 

13=4 

8±4 

3.59 

(2*,  0) 

< 1 

5.11 

(2“.  0) 

4—  1 

5.17 

(2*.  1) 

3=1 

not  seen 

not  given 

5.18 

(1\0) 

< 1 
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*)  Renan  eta!.9).  9m.J.  Renan,  J.P.F.  Sellschop,  R.J.  Keddy, 

and  D.W.  Mingay,  Phys.  Rev.  C£,  12  (1972) . 
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Peaks  at  excitations  of  5.11,  6.02,  7.48,  8.90,  10.79,  and  11.56  MeVwere  observed  la 
3pectra  of  10B  prodnced  by  180*  inelastic  scattering  of  electrons  at  40.5,  50-6,  and  £0.6  MeV. 
The  transitions  at  6.02  and  8.90  MeV  appear  to  be  £2  and  M2  or  £2,  respectively.  There  is 
evidence  for  Ml  transition  strength  to  at  least  one  level  in  the  11  MeV  excitation  region. 

The  model-dependant  radiative  widths  of  the  levels  at  5.11  ard  7.48  MeV  were  determined 
to  be:  r0(M2)  = (6.9±1.4)xio"4  eV  and  r0 (Ml) *11.3 *2.0  eV,  respectively.  Subject  to  quali- 
fications cited  in  the  text,  radiative  widths  for  some  of  the  other  transitions  are  also  given. 


6 LEVELS,  5.11-11.56 


TABLE  I.  Values  of  cross  sections  for  excitation  of 
the  nuclear  states  studied  at  the  three  incident  energies 
of  40.5,  50.6,  and  60.6  MeV. 
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Ee  ■ 50.6  MeV 

180°  ELECTRON 
SCATTERING  BY  °9 


EXCTATION  ENERGY  (MeV) 


FIG.  1.  Spectrum  of  50.6-MeV  elect nma  scattered  at 
180*  from  10B.  The  base  line  used  Is  Indicated  by  the 
dashed  curve.  An  indication  of  the  statistical  errors  in- 
volved is  given  by  the  error  bars  on  the  point  on  the 

TABLE  H.  Multipolarities,  transition  radii,  and  ground  state  transition  widths  for  states  left  hand  side  of  the  7. 48- MeV  peak. 

In  10B  electro  excited  at  180*. 
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energy  (MeV) 

;',7‘ 

Multipolarity 

R (fm) 

T,  (eV) 

5.11 

1 
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O 

M2 

(9O*1.4)xl0“<b 

4.3  * 1.1 

(10.2  * 2.2)  x 10“*  e 

6.02 

4+ 

£2 

(4.6  *1.0) 

(0.3*0.07)  c'i 

7.48 

2°,  1 

Ml 

11.3*  2.0  b 

2.4  *0.4 

10.1*1 .9  4 
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(2*.  1) 
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[(6*2)  x I0“s]e 
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Ml  or  £2 

11.56 

(Ml) 

(11.4*2.3)  b 

* Spin  assignments  are  taken  from  Ref.  17. 

s Result  obtained  by  direct  comparison  with  DWBA  oscillator  model;  oscillator  parameter, 

1.88. 

e Result  obtained  using  DWBA  corrected  PW3A  generalized  Helm  model  expressions. 
i Due  to  other  levels  in  this  region  there  may  be  some  question  as  to  whether  all  of  this 
strength  is  due  to  a transverse  £2  transition  to  thn  4*  state.  A DWBA  oscillator  model  cal- 
culation was  not  available  for  electric  transitions. 

i7F.  Ajzenberg-Selove,  T.  Lauritsen,  Nucl.  Phys.  A227,  1 (1974) . 
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Abstract — Mean  cross  sections  for  the  photoproduction  of  7Be  and  "C  from  ”F, 77  AJ,  3Si  and  r'S  targets.  ’3e  from  999=1  GEV 

3.  and  "C  from  l4N  and  “0  targets  have  been  measured  using  bremsstrahlung  beams  in  the  energy  range 
0J-1.0GeV.  The  resuits  have  been  compared  with  previous  measurements  and  an  excellent  agreement  has  been 
found.  In  most  cases,  the  values  .obtained  turned  out  to  be  much  larger  than  those  expected  from  a simple 
spallation  mechanism.  A fragmentation  and/or  a fission-like  process  has  been  suggested  in  explaining  the 
mechanism  of  such  reactions. 
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Fig.  :.  The  same  as  in  Fig.  I for  7Be  photoproduction.  Experi- 
mental data  are  taken  from:  A.  Refs.  [6.7]:  7.  Ref.  [i|;  0.  Ref. 
[9|:  A.  Ref.  [10]:  ♦.  Ref.  [!!];  ▼,  Ref.  [I2];G.  Ref.  [ 13]:  9.  Ref. 
[I4|.  O.  Ref.  (;]:  O.  present  work. 
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Table  3.  Comparison  betae;-:  experimentally  determined  and  calculated  cross  sections  of  T8e  and  UC  phoco- 
pmvuction  and  indication  of  the  dominant  reaction  channels 
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Abstract:  The  proton  spectral  fun 

ctions  of  "Li. 

Li.  "Be  and  10B  obtaine 

d from  the  (e.  e pl  reactions 

at  /mi  viev  arc  presented,  i ne  resutts  were  analyzed  in  tne  distorted-wave  impulse  approximation. 
UNing  the  shctl-modet  single-particle  wave  functions  consistent  with  the  elastic  electron  scattering 

'igmticant  di-agrccmcnt  with  the  shell-model  momentum  distributions.  The  occupation  probabilities 
ol  the  proton  finale-particle  states  are  around  0.7.  with  a lew  exceptions. 


'SEPARATION  ENERGY 


NLCLEAR  REACTIONS  " Li.  ‘‘Be.  ,nB(e.  e p).  E = 700  MeV . measured  o\Ev.  l>r): 
E deduced  proton  spectral  lunctions.  DWIA  calculations.  Enriched  " Li.  "’B  and  natural  "Be 

targets. 


Fig.  5.  The  distorted  momentum  distributions  corresponding  to  the  optical  potentials  A ( the  solid  curves)  and  B (the  dot-dashed  curves  i.  and  the  tindistortcd 
momentum  distributions  (the  dashed  curses),  calculated  from  the  shell-model  single-particle  wave  functions  used  in  the  DWI  \ anahsis.  i.ii  Li.  tbi  "l.i. 
(c)  Be  and  id)  " B For  comparison,  data  points  in  the  appropriate  separation  energy  ranges  arc  shown.  They  jre  arbitrarily  normalized  to  the  calculated 

distorted  momentum  dtsirtbutions. 
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Fig.  da.  Proton  separation  energy  spectra  for  10B. 
The  curves  are  as  in  fig.  la. 
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Fig.  4b.  Recoil  momentum  distributions  tor  luB 
The  curves  are  us  in  tig.  1 b. 
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Energy  spectra  of  140-MsV  electrons  are  measured  after  scattering  by  !®B  and  l!C  nuclei  Peaks  above  EX  8.26,  9.,  9.7  MEV 
the  nucleon  emission  threst  old  are  observed  in  the  "’B  spectta  at  energies  3.26,  9.0,  and  9.7  MeV,  and  at 

18.1  MeV  in  the  1JC  sp-crra.  The  existence  of  these  peaks  and  thetr  energy  location  is  predicted  by  Examines  1 evel  S above  the 

caicuiadons  based  on  'n  i ision  of  the  contribution  of  triangle  Feynman  diagrams  to  the  reaction  nuclear  threshold 

amplitude. 
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FIG.  2.  Spectra  of  140-MeV  electrons  after  scattering  by  l9B  nucleus  at  angles  70  and  30*.  We  have  Indicated  In  the  Sgure  the 
energies  of  the  discrete  levels  of  *3  and  *Be  and  also  the  proton  and  neutron  binding  energies  In  u3.  In  each  spectrum  we  have 
shown  the  exposure  In  units  of  the  second  monitor  range  32,  equal  to  3.7  X 1CT4  Coulomb. 
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Abstract:  Electron  scattering  form  factors  were  measured  for  six  transitions  in  l0B  in  the  momentum 
transfer  range  0.61  to  1.81  fm_l.  Ground  state  radiative  widths  were  extracted  by  means  of  the 
generalized  Helm  model  for  the  levels  at  1.74  MeV  (M3),  5.17  MeV  (M1+M3),  6.03  MeV 
(C2+C4),  7.48  MeV  (Ml),  8.07  MeV  (C2)  and  8.9  MeV  (Ml  + M3  or  M2).  The  transverse  form 
factors  for  the  1.74  and  5.17  MeV  levels  agree  well  with  predictions  based  on  Cohen-Kurath  wave 
functions.  The  longitudinal  form  factor  for  the  6.03  MeV  state  shows  effects  due  to  the  deformation 
of  10B  and  is  in  good  agreement  with  the  deformed  Hartree-Foclc  shell  model  prediction  of  Bouten 
and  Bouten.  Estimates  are  presented  for  the  ratios  of  radiative  pion  capture  rates  leading  to 
analogue  states  in  10Be. 


6 LEVELS  1.74-8.9  MEV 


E 


NUCLEAR  REACTIONS  10B(e,  e'),  £ = 67-194  MeV;  measured  a(E\  £.;  d).  l0B 
deduced  form  factors,  reduced  widths,  multipolarities,  (ir~,  y)  rates.  Helm  model.  Enriched 

targets. 


Table  1 

Longitudinal  and  transverse  form  factors  obtained  in  this  work 


£L(xi0J)  £t(*10j) 


Co 

(7 

(MeV)  (deg) 

(fm*1) 

6.03  MeV 

8.07  MeV 

1.74  MeV 

5.17  MeV 

7.48  MeV 

3.9  MeV 

67 

145 

0.62 

3.45  a:  0.40 

1.2*0. 5 



0.056*0.030 

0.18*0.05 

0.0058*0.005 

78 

145 

0.72 

5.20*0.50 

l. 2*0.2 

0.041*0.010 

0.093*0.008 

0.14*0.05 

0.015 

*0.007 

107 

101 

0.82 

6.50*0.60 

1. 5*0.4 

0.075  * 0.040 

0.155*0.035 

0.085*0.010. 

0.028 

*0.007 

92 

113 

1411 

100/ 

0.86 

7.10*0.40 

2. 2*0.4 

0.051*0.020 

0.185*0.080 

0.076*0.010 

0.034 

*0.008 

107 

146 

1.00 

9.20*0.30 

1. 9*0.4 

0.125*0.010 

0.260*0.030 

0.011*0.008 

0.056 

±0.005 

120 

130 

120) 

105; 

1.03 

8.72*0.77 

1. 8*0.4 

— 

0.350*0.070 

0.005*0.015 

0.047 

*0.015 

134 

146 

125) 

110/ 

1.19 

8.66*0.55 

1.3  *0.3 

0.200*0.040 

0.490*0.130 

O 

O 

41 

O 

o 

0.050 

*0.010 

160 

188 

130) 

105/ 

1.44 

6.63*0.40 

0.6  *0.3 

0.240*0.030 

0.540*0.120 

0.055*0.015 

0.075 

*0.015 

170 

188 

139) 

120/ 

1.58 

5.10*0.70 

1. 0*0.3 

0.200*0.040 

0.480*0.070 

0.086*0.015 

0.110 

*0.040 

194 

130 

1.81 

2.56*0.50 

0.5  *0.3 

0.180*0.050 

0.420*0.070 

0.070*0.030 

0.077 

*0.017 

The  momentum  transfer  is  for  6 MeV  excitation  energy. 


Plotted  form  factors: 

Longitudinal:  8.07  MeV  Fig.  4 

Transverse:  1.74  MeV(0+)  Figs.  5,7;  5.17  MeV  (2+)  Fig.  6;  5.17  MeV  (2+)  Fig.  8; 

8.9  MeV  (2+,3-)  Fig.  10 
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Fig.  3.  Longitudinal  form  factor  for  the  6.03  MeV  state.  All  the  data  from  this  work  plus  that  of  Spamer  *) 
and  Fricke  era/. 7)  were  fit  by  the  C2-C4  Helm  model  (R  =2.3  fm)  admixture  shown  by  the  solid  line.  Also 
shown  (dash-dotted  line)  is  the  theoretical  form  factor  of  Bouten  and  Bouten  :o). 


Fig.  3.  Transverse  form  factor  for  the  1.74  MeV  transition.  The  solid  curve  is  the  M3  generalized  Helm 

model  fit  with  R = 2.3 1 fm. 
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Fig.  4.  Longitudinal  form  factor  for  the  3.07  MeV  transition.  The  dashed  line  is  the  C2  Helm  model  fit 
using  R * 2.3  fra  as  obtained  from  the  analysis  of  the  6.03  MeV  form  factor. 


6 LEVELS  1 .74-3,9  MEV 


Fig.  6.  Transverse  form  factor  for  the  excitation  at  5.16±0.04  MeV.  The  180*  cross  sections  of  Fagg  e t 
aL  ) were  converted  to  form  factors  and  are  also  shown.  The  curves  represent  the  Ml  -M3  Helm  model  fit 

to  all  the  data  using  R =*  2.27  fm. 
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Fig.  9.  Transverse  form  factor  for  the  7.48  MeV  excitation  from  the  present  work  plus  that  of  Spamer  4) 
and  Fag getal.i)  (con  verted  to  form  factors  from  1 80"  cross  sections).  The  dashed  curve  represents  the  M l 

Helm  model  fit  with  R = 2.27  fm. 


Ftg.  10.  Transverse  form  factor  for  the  8.9  MeV  transition  from  this  work  and  the  180*  cross  sections  of 
Fagg  ec  al.  5)  (convened  to  form  factors).  The  dash-dotted  line  is  the  Helm  model  fit  for  an  M2  transition 
(/”  » 3~),  while  the  solid  and  dashed  lines  are  the  M1-M3  admixture  corresponding  to  /*  **  2*.  The 

radius  parameter  is  R = 2.27  fm. 
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Differential  cross  sections  for  15B(y,  t*)  l0Be  to  the  ground  and  first  excited  states  of 
Be  separately  and  bO<Y.xV6N  m rh®  «..m  nf  ...  . -1 

t ' j - ~ * ^*w.**j  "iwa  tviucuu  energies  irom 

SO  and  210  MeV.  The  results,  which  are  the  first  to  discrete  nuclear  final  states  in  the 
<1(1236)  region,  are  in  qualitative  agreement  with  several  distorted-wave  impulse-ap- 
proximation calculations. 

PACS  numbers:  25.20.-i-y 
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FIG.  3.  Same  as  lor  Fig.  2,  but  at  a pion  laboratory 
angle  o f 43’. 
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^FIG.  1.  Typical  pion-energy  spectrum  for  “,B(y, 

,T  > Be  showing  the  contributions  to  the  ground,  first, 
and  second  excited  states  of  l,Be.  Most  of  the  back- 
ground events  shown  come  from  pions  that  decay  in 
flight  into  muon3. 
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FTG.  2.  Differential  cross  sections  for  lsO(>',:r',')1',Be 
at  90°.  The  solid  circles  represent  the  contributions 
from  the  ground  state  of  '“Be,  the  open  circles  are  for 
the  first  excited  state  of  "1Be,  and  the  crosses  are  for 
the  sum  of  the  four  lowest-lying  levels  in  lsN\  The 
solid  line  is  the  calculation  of  Singham  and  Tabakin 
(Ref.  S),  the  dashed  line  that  of  Devanathan  at  oL . (Ref. 
9),  and  the  dot-dashed  lines  are  trom  Nagi  and  Uberall 
(Ref.  10) . Pion  energies  can  approximately  be  found  bv 
subtracting  140  MeV  from  the  photon  energies. 
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17*42  PI ON  ENERGY 


NUCLEAR  REACTIONS  10B(r,:r+)“>Be  LEx=0,  3.37  MeV),l 
“>B(r,!r')10C(£I=0),  9.= 90*  (lab),  £,=  17,  29,  42  MeV,  measured  1 
dcr/dCl,  compared  with  DWIA  calculations.  J 


TABLE  I.  Experimental  differential  cross  section  results  (in  nb/sr)  for  10B(t',  nr)  at  9r=90*  (lab).  The  uncertainties 
quoted  for  the  present  results  are  statistical  only  (see  text). 


(-.J 

7,=  17  MeV  7.  = 29  MeV  7. =42  MeV  7. =29  MeV 

= 3.37  MeV) 
7,  = 42  MeV 

^-(y.tr-Hg.s.) 
7,  = 29  MeV 

Present  Results 
Yamazaki*  (7r~40  MeV) 

41  ±3  62+2  104+7  136+4 

U7±27 

254+13 

256+65 

117+10 

'Reference  20. 


TABLE  II.  10B(y,jr>  differential  cross  section  ratios  at  9,  = 90*  (lab). 


fa*™- 

= 3.37MeV) 

|g-(y,T-)(g.s.) 

7,  = 29  MeV 

) (g.s.) 

7.  = 42  MeV 

7k{y^){  g-3-) 

7,  = 29  MeV 

Experiment: 

Present  results 
Yamazak.)*  (7r~40  MeV) 

2.19+0.11 

2.44+0.21 

2.19+0.75 

1.39+0.13 

Theory: 

Nagl-Uberall  code  ^NU) 

2.44 

2.38 

1.30 

MalekY  (M) 

2.16 

1.96 

1.55 

DeCarlo-Freedd  (DR 

2.45 

2.16 

•Reference  20. 
‘Reference  28. 
Reference  31. 
Reference  30. 
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FIG.  8.  Ratio  of  '°B(y,tr*)  differential  cross  sections 
to  the  2‘*  3.37  MeV  and  states  of  10Be  as  a function  of 
momentum  transfer.  The  soiid  circles  are  the  present  re- 
sults and  the  solid  squares  are  the  results  of  Bosted  n al. 
(Ref.  34).  Also  shown  is  the  form  factor  ratio  for  the 
analogs  of  these  two  states  in  '°B  obtained  from  \e,z" 
(Ref.  18),  and  the  ratio  of  '°Bly,tr~  ,y)  branching  ratios 
for  the  two  states  (open  circle:  Ref.  33;  open  square: 
Ref.  32). 
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FIG.  9.  Differential  cross  section  at  90* 
for‘°B(y, tt+  ) l0Be<g-s.)  at  photon  energies  up  to  340  MeV. 
The  solid  circles  are  the  present  results  and  the  solid 
squares  are  the  higher  energy  results  of  Bos  ted  er  al. 
(Ref.  34).  The  curves  are  the  results  of  four  different 
theoretical  calculations  as  described  in  the  text. 
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The  deciroproducnon  of  12.3;0.7  MeV  positive  picms  from  10B,  leading  to  low-lying 
states  in  10Be,  has  been  measured  in  the  angular  range  0r=3O*  — 140*  for  incident  electron 
energies  £,=  158.5—165.0  MeV.  The  unique  character  of  A/3  transitions  in  the  p shell 
permits  a direct  comparison  of  d'-&  /dE*dfi.r  with  the  analog  electron  scattering  form  fac- 
tors in  l0B,  assuming  the  strong  T-nucleus  interaction  can  be  neglected.  For  the  two  lowest 
T = 1 states,  the  (e.T*)  angular  distributions  agree  with  the  .Vf  3 form  factors.  The  convec- 
tive term  in  the  .3/  1 form  factor  for  the  third  T = 1 state  is  deduced  from  a comparison  of 
the  (e,tr+)  and  (e.e')  data  and  is  in  good  agreement  with  recent  radiative  pion  capture  re- 
sults. The  photoproduction  cross  section  leading  to  the  ,0Be  ground  state  is  estimated. 


NUCLEAR  REACTIONS  l0B(e,n-+)e' ,0Be;  £,  = 158.5-165.0  MeV; 
Er=  12.3  MeV;  measured  a(Er,dt);  9r=  30*  — 140*;  compare  to  electron 
scattering,  radiative  pion  capture,  and  photoproduction. 


12*=12.3±.7  MEV  PI+ 


0|-o 


FIG.  6.  Photopion  angular  distribution  leading  to  the 
(<>Be  ground  state  as  deduced  from  the  data  in  Fig.  2. 
The  solid  curve  ts  based  on  the  A/  3 form  factor  for  the 
1.^4  MeV  state  of  °B.  For  the  dashed  curve  some  al- 
lowance was  made  for  Coulomb  distortion  of  the  (e.e’) 
data  by  using  the  effective-?  approximation. 


!oeq; 

FIG.  2.  Double  differential  cross  sections  for  the 
(e.trr)  reaction  leading  to  the  ground  plus  first  excited 
states  of  l0Be,  for  an  incident  energy  £,  = 158.5  MeV 
and  detected  pion  energies  of  12. 3 ±0. 7 MeV.  The 
curves  are  predictions  based  directly  on  the  experimental 
A/3  form  factors  for  the  1.74  MeV  (0*)  and  5.17  MeV 
!2"*)  states  of  as  discussed  in  the  text.  The  gradual 
decrease  in  the  3.37  MeV  curve  is  due  to  the  kinematic 
cutotf  for  excitation  of  this  state  which  does  not  occur 
simultaneously  in  all  detectors. 
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FIG.  3.  Same  as  Fig.  2,  but  for  £,=  160.3  MeV. 
The  threshold  for  population  of  the  5.96  MeV  state  has 
now  been  crossed  causing  an  increase  in  the  forward- 
angle  cross  section,  consistent  with  the  behavior  expect- 
ed for  an  M 1 transition. 


FIG.  5.  Same  as  Fig.  2.  but  for  E,=  165.0  MeV.  At 
this  energy  it  is  possible  for  ^Be  to  be  excited  somewhat 
above  7.54  MeV. 


FIG.  4.  Same  as  Fig.  2,  but  for  £,  = 162.0  MeV.  Ex- 
citation of  the  7.54  MeV  state  is  now  possible.  As  in 
Fig.  3,  the  5.96  MeV  prediction  is  based  directly  on  the 
7.48  MeV  \f  1 form  factor  in  °B.  The  discrepancy  with 
the  forward-angle  data  is  interpreted  as  a destructive  in- 
terference between  the  spin  and  convection  terms  in  the 
.Vi  1 form  factor. 
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Fig.  3.  Photon  cross  section  tor  the  reaction  B'Hy.^lLi1 
obtained  by  the  photon  difference  method  from  the  yield  points 
of  Fig.  6.  The  photon  cross  section  beiow  100  Mev  rvas  chosen 
arbitrarily. 
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The  figure  shows  the  absolute  thick-target  yield  of  high-energy  gamma-quanta  from  Be 9 
( full  line)  as  well  as  the  cross-section  deduced  from  it  (dotted  line) 
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Fig-  1.  The  differential  cross-section  ac  90°  for  the  ground  state  y-transition  from 
the  reaction  Be*(d,  yo)Bu  versus  excitation  energy  in  B11. 

Circles  and  squares  are  measurements  taken  with  two  different  Beryllium 
tar8ea-  The  horizontal  bars  represent  the  energy  loss  of  the  deuterons  in  the 
tar8et-  The  indicated  errors  on  the  differential  cross-section  are  only  statistical 
and  do  not  include  a possible  systematic  error  on  the  absolute  calibration. 
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Fig.  4.  — Section  etftcace  diiTerentieile  a 00°  cie  la  reaction 
*Qe(d,  Yo/u3,  en  fonction  de  i’energie  d'excitation  dans 
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Fig.  5.  — Distribution  anguiaire  de  la  reaction  *I3e(d,  Ts)u3 
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The  effective  differential  scattering  cross  section  remains  quite  constant  from 
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Fig.  6.  The  neutron  production  cross  section  for  B11  where  the  analysis  has  been  made  using  a 1 
MeV  grid  (a)  and  a 0.3  MeV  grid  (.b).  Thresholds  for  the  neutron  producing  cross  sections  are 
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Neutron  emission  cross  sections  integrated  to  29  MeV 


Target 

{od£  (MeV  ■ mb) 

Jhd£/(60iVZM) 

JMml£'(60iVZM)  ») 

Li* 

36.1 

0.40  - 0.03  ») 

0.42 

Li7' 

‘0.1 

0.49—0.04 

0.64 

Bl* 

66.7 

0.44-0.03 

Bu 

68.6 

0.42  — 0.03 

0.47  «) 

O" 

61.9 

0.26-0.02 

0.30 

‘)  Ref.17). 

°)  This  value  is  for  natural  boron. 
e)  Estimated  systematic  errors. 
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Fig.  2.  Angular  distributions  at  various  constant  inelastic  momentum  transfers 
q (indicated  in  the  diagrams)  for  two  transitions  in  “B.  da/d n is  the  differential 
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TABLE  1 


Summary  of  Experimental  Results* 


Nuclide 

E,  (MeV) 

Type 

r,°(evn 

r°  'r 

R«  (F) 

*Li 

2. 18 

E2 

(3.9 

I 0.5)  X 10~* 

14.4 

3(77 

x 0.43 

3. 56 

Ml 

3.9 

i 0.4 

9.4 

2.96 

i 0.11 

’Ll 

11.23 

2 

0.05 

(Ml)  or 

(1.3 

t 0.4)/g* 

0.043/ g 

(M3 

(0.026 

* 0.008) /g 

2.6/g 



*3e 

15.97 

2 

0.03 

Ml 

(3.7 

5 0.3)  ,'g 

0.043/g 

_ 

“B 

4.46 

E2  and 

0.0173 

* 0.0021 

3.2 

3.44 

x 0.50 

Ml 

0.64 

x 0.08 

0.34 

2.50 

x 0.35 

5.04 

Ml 

1.34 

x 0.  14 

0.59 

2.50 

X 0.11 

lJC 

4.43 

E2 

0.0122 

i 0.0008 

5.30 

3.14 

x 0.30 

“O 

6.92 

E2 

0.100 

= 0.015 

3.28 

3.32 

x 0.46 

11.52 

E2 

0.52 

x 0.13 

1.31 



MMg 

9.35 

2 

0.04 

Ml 

7.95 

x 1.2 

0.33 

3.50 

x 0.49 

9.97 

2 

0.03 

10.35 

2 

0.03 

E2 

0.24 

— 0.05 

0.53 

5.05 

x 0.50 

10.70 

2 

0.03 

Ml 

22.2 

: 2.4 

0.36 

3.50 

x 0.36 

10.93 

2 

0.04 

£2 

0.26 

X 0.11 

0.50 

“SI 

4.97 

X 

0.02 

CO 

(2.0 

x 0.5)  x 10-’“ 

5.90 

x 1.20 

,#Ca 

5.39 

2 

0.05 

E2 

0.29 

x 0.04 

2.35 

4.60 

x 0.50 

‘The  Bom  approximation  has  been  used  except  for  “0  ana  *°Ca. 
*g  - (21.  * 1)/(2I,  * 1). 

* T.*  equivalent  to  ME  » (6.37  x 1.00)  ?i  ■ ' 
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Table  2 


Excited  states  observed  in  =*  }“)  by  inelastic  scattering  at  180°  of  50  MeV  electrons 


Exp.  da/dO 

~ 0.2  MeV  (nb  • sr>) 

Jn 

Tran- 

sition 

F'(qr) 

F'(kr) 

(-)• 
\d Ql 

10+4  J’<T7d* 

1U  (MeV-^ib) 

H (eV> 

•T*  (eV) 

ryr„ 

Percentage 

experimental  References 

error 

2.13 

3.95 

Ml 

0.358 

1.26 

66.5 

0.16 

0.206 

0.8 

10 

r,y  =-  0.16  eV 

refs.  *• ») 

4.46 

5.1 

i~ 

Ml 

0.388 

1.31 

175 

0.60 

1.36 

0.32 

30 

rtV  - 0.6  eV 

refs.  *•*») 

5.03 

9.6 

1- 

Ml 

0.395 

1.32 

366 

2.42 

2.67 

0.9 

30 

reV  =»  0.11  eV 

ref.  u) 

6.8 

1.25 

Ml 

0.416 

1.34 

63 

0.74 

6.5 

0.11 

E2 

0.655 

2.09 

40.4 

0.48 

0.036 

13 

20 

M2 

0.655 

430 

0.2 

0.002 

1.42-  10-» 

1.4 

El 

0.416 

0.007 

12000 

143 

160 

0.9 

7.9 

1.5 

i+ 

Ml 

0.432 

1.35 

87.5 

1.47 

10.7 

0.14 

E2 

0.66 

2.07 

57.7 

0.96 

0.098 

9.75 

30 

M2 

0.66 

274 

0.44 

0.007 

3.56  ■ 10-* 

2.0 

El 

0.432 

0.01 

11700 

195  - 

279 

0.76 

8.92 

5.6 

i- 

Ml 

0.444 

1.36 

367 

5.0 

14.9 

0.33 

25 

T^O.18  eVref.  ") 
r - 0.6  eV  ref.  “) 
r = 4±0.6eV  ref.  “) 

9.5 

2.9 

(!) 

Ml 

0.452 

1.36 

204 

4.85 

18.5 

0.26 

E2 

0.67 

2.03 

84.9 

3.28 

0.24 

13.6 

25 

M2 

0.67 

ISO 

0.96 

0.037 

3.8  • 10-4 

4.2 

El 

0.452 

0.015 

18000 

435 

485 

0.9 
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Table  2 


Excited  states  observed  in  IlB(/J  =»  }-)  by  inelastic  scattering  at  180°  of  50  MeV  electrons 


Exp.  do/d£? 

±0.2  MeV  (nb  • sr-') 

J " 

Tran- 

sition 

F'iqr) 

F'{kr) 

(MeV-/ib) 

/?(eV) 

rw(eV) 

Percentage 

experimental 

error 

References 

10.6 

1.7 

(»> 

Ml 

0.444 

1.37 

131 

S.M3 

23.0 

0.13* 

E2 

0.63 

2.01 

89.5 

2.62 

0.39 

67 

20 

M2 

0.63 

143 

1.26 

0.037 

1.44-  10“' 

16 

El 

0.464 

0.019 

9340 

274 

650 

0.42 

IU 

1.3 

(!) 

Ml 

0.473 

1.37 

147 

4.93 

30.3 

0.15 

E2 

0.69 

1.99 

101 

3.40 

0.538  r 

6.3 

25 

M2 

0.69 

123 

1.65 

0.055 

1.98  • I0-* 

13 

El 

0.473 

0.022 

9110 

303.8 

785 

0.39 

12-2 

3.1 

(i) 

Ml 

0.480 

1.37 

269 

10.0 

360 

0.28  ‘ 

E2 

0.69 

1.97 

187 

7.01 

0.73 

9.4 

30 

M2 

0.69 

107 

3.46 

0.129 

2.63  • 10-' 

4.8 

El 

0.480 

0.025 

14500 

545.2 

940 

0.58 

1165 

3.7 

(J) 

Ml 

0.488 

1.37 

339 

14.1 

42.5 

0.33 

E2 

0.70 

1.96 

23800 

9.96 

0.9 

11 

30 

M2 

0.70 

93 

5 

0.21 

2.32  • 10-* 

9 

El 

0.488 

0.029 

16100 

676 

1040 

0.66 

13.2 

2.7 

(1) 

Ml 

0.496 

1.37 

259 

11.9 

48.3 

0.24 

E2 

0.70 

1.95 

183 

3.42 

1.2 

7 

30 

M2 

0.70 

83.4 

4.23 

0.196 

4.41  • 10-' 

4.5 

El 

0.496 

0.032 

11100 

509 

1260 

0.4 

14.55 

3.5 

d) 

Ml 

0.51 

1.37 

369 

20.4 

64.7 

0.31 

E2 

0.71 

1.91 

266 

14.7 

1.91 

3.1 

20 

M2 

0.71 

66 

7.72 

0.42 

7.04-  10*' 

6 

El 

0.51 

0.04 

12700 

704 

1670 

0.42 

15.55 

4.5 

(}) 

Ml 

0.522 

1.376 

510 

3Z2 

78.9 

0.52 

E2 

0.72 

1.83 

370 

23.4 

16 

9.0 

20 

M2 

0.72 

55 

12.5 

0.795 

9.6-  10-* 

3.2 

El 

0.522 

0.046 

15000 

950 

2020 

0.46 

16.9 

8.5 

(i) 

Ml 

0.54 

1.37 

1050 

78.1 

106 

0.73 

E2 

0.73 

1.84 

780 

57.9 

3.8 

15.3 

25 

M2 

0.73 

43 

33.4 

2.4 

0.15 

16 

El 

0.54 

0.058 

24800 

1880 

2500 

0.75 
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Table  3 


Magnetic  transitions  in  UB  and  l0B 


(l) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

da/dO 

(2/,± 

iviMl 

(a/K 

= 4.5) 

«xp. 

T 

T. 

F.*1 

(2/l±l),lM1(0) 

* 

(2A±l)/lMl 

Inglis 
{a  Ik) 

(8.16) 

POT 

(8.16) 

2BME 

(6.16) 

2BME 

't 

50  MeV  60  MeV 

50  MeV 

" 60  MeV 

r l 

“B 

2.15 

4 

i 

3.95=0.4 

1.06 

0.358 

11.8  = 1.2 

0.58 

7.3  ±0.7 

2 ±1 

0.53 

0.44 

4.8  =2.4 

9.23 

16.8 

15.7 

15.1 

4.45 

i 

4 

5.1  -1.5 

1.42 

0.388- 

14.6±4.3 

0.6 

9.5  =2.8 

3.8  = 1. 1 

1.05 

0.46 

9.1  ±2.7 

20.1 

13.3 

13.4 

13.1 

5.03 

j 

L * 

VO 

On 

I! 

M 

OO 

2.71 

0.395 

27.4  = 8.2 

0.615 

17.6  =5.2 

5.8=  1.7 

1.61 

0.475 

13.5  =4 

23.5 

22.1 

23.1 

22.7 

8.92 

i 

• r* 

5.6  ±1.4 

1.72 

0.444 

1 5.5  ±3.8 

0.63 

10.9  =2.7 

4.5  ±1.1 

1.34 

0.495 

10.8  =2.7 

6.05 

6.52 

7.77 

9.35 

12.65 

i 

i 

3.7 

1.24 

0.488 

10.2=0.3 

0.655 

7.65±2.3 

3.4 

1.08 

0.53 

8.15  = 2.4 

13.5 

10.0 

11.5 

12.5 

“B 

3.59 

2+ 

0 

1.9  ±0.4 

0.47 

0.377 

8. 9=1.3 

0.59 

5.7  =1.1 

0.7±0.35 

0.17 

0.45 

2.6  — 1.3 

0.31 

0.13 

0.04 

0.000 

5.16 

2+ 

1 

2 ±0.4 

0.5 

0.396 

8.8  ±1.7 

0.615 

5.7  =1.1 

1.7±0.3 

0.42 

0.475 

6.1  =1.1 

4.46 

8.32 

5.93 

1.09 

7.5 

2* 

i* 

16  ±4 

4.8 

0.426 

77.0  ±19 

0.62 

58  =13 

31.7 

103 

103 

102 

11  ±2 

3.15 

0.505 

44  =9 

8.9 

3* 

1 

6 ±1.5 

1.81 

0.445 

28.4±5.6 

0.63 

20  ±5 

4 ±1 

1 

0.51 

14  =3.5 

44.6 

33.9 

33.6 

29.6 

10.7 

2* 

1 •* 

5 ±1.25 

1.76 

0.452 

24  ±5.75 

0.635 

17.7  =4 

6.5  ±1.5 

1.9 

0.51 

26.0  ±4 

19.5 

6.46 

10.6 

16.3 
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Fig.  3.  Spectrum  of  51  MeV  electron*  scattered  from  a 11 B target  at  180*. 


EXCITATION  ENERGY  (MeV) 


Fig.  4.  Spectrum  of  60  MeV  electrons  scattered  from  a “3  target  at  180*. 
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Tabelle  2.  Mefiergebnisse  fur  die  untersuchten  Kernniueaus 


Die  in  der  vorliegenden  .Arbeit  bestimmten  Anregungsenergien  stehen  in  der  Spaite  2.  Zum  Vergleich  sind  in  Klammern  die  Werte  nach 
Landolt-Bornstein  (Neue  Serie  1961)  angegeben.  Mit  den  in  Spaite  3 gegebenen  Spins  wurden  die  Strahlungsbreiten  r.°  berechnet.  rv  in 
Spaite  8 sind  die  von  Wilkinson  — in  F.  Ajzenberg-Selove:  Nuclear  Spectroscopy,  Part  B.  New  York  and  London:  Academic  Press  1960  — 
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0,1 16  ±0,020  = 
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2,70 -r  0,20 
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1,4 

17= 
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| 2,120±  0,030 
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0,06 27 ; 7,9s 
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a)  Einheit  10“ 51  cm4  bei  C 2, 10~:3cm:  bei  Ml.  — b)  Mit  r^{£2)l  I~9.(M  l)=  9 nach  -3  ergibt  sich  r?.(M  I)  = 0,014  eV.  — c)  Daten  Darmstadt 
und  Orsay  (s.  Fig.  8).  — d)  r,ols;40  keV.  — e)  Daten  von  1 mit  £=  7,43  MeV  anstatt  £=7,9  MeV  ergibt  TS=  14  eV.  — 0 Mit  Daten 
von  27  folgt  7^3:0,03  eV.  — g)  Daten  von  1 mit  £=3,93  MeV  wie  .Vfl  ausgewenet. 


Zanl  4 
u*s 


Fig.  2.  Energieverteilung  der  von  einem  3 '0-Target  gestreuten  EleJaronen.  Die  MeQpunkte  fur  Eg  — £/> 
6 MeV  undEe—  £/ <2MeVsind  *Mitteiwerte  aus  mehreren  Mcflwerten.(J £/£)*  —0,5%  ; (J£/£)s— 0*2% 
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fa) 
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31,85 
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0,149-  13 

1,53-0.29 

1 2,09-0,38 

6,01  MeV 
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36,01 
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0,269-  15 

2,16-0,32 

2.13-0,32 

Cl 
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34,98 
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0,423  -T  12 

1,04-0,13 

2,19-0,26 
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44,10 

0.109 

0,529-  15 

2,92-0,44 

1, SI  -0,27 
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44,10 

0,141 

1,070-  12 

1,43-0,13 

. 1.32-0,22 

92,91 

54.54 

0,143 

1,190-  10 

6,60  - 0,66 

1,95-0,20 

117,04 

57,80 
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2,234=  12 

3.14-0,38 

1,43-0,17 

141,11 

54,38 
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3,560 1 10 
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1.64-0.17 

141,11 
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0.227 
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B‘° 
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29,20 
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2,39-0.48 

1,65 -‘-0,37 
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0,136 

1,591  r 15 
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153,15 
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5.S70-  17 

2, 10 -r  0,36 

1,63-0.29 

1.97 

92,91 

54,54 
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0,51 8 = 20 

3,23-0,65 

1,17-0,29 

2,00 

165,05 

50.26 
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21,200-  10 

1,25-0.13 
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Ml 
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0.36-0,22 
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0,123 
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45,05 
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0.37-0,24 
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51,56 
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0,65  - 0,65 
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54,15  i 
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0.97-0,10 

0.72-0,09 

153,15 

52J3 

0,221 

1,940  x 19 

0,35-0.07 

0,76-0.23 
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0.223 
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0,62-0,15 

0,63 
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117.04 

40,55 
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0,63-0.14 

0,66 

Ml 
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42,59 

0.122 

0,529  x 14 
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0,61 
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0,57 

141.11 

51,56 
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0,45 
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0,55  - 0.07 

0,45  - 0.06 

0,45 

117,04 

57,08 
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0.66-0,10 

0,41-0,07 

0,45 
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54,15 

0,206 
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0,66  - 0,07 

0,44  - 0,09 

0,47 

153,15 

52,23 

0.220 

3,460-  13 

0,62x0,11 

0,48  - 0.09 

0,43 

141,11 

53.90 

0,221 

1,132x20 

0,44  x 0.09 

0,31-0,07 

0,33 

153,15 

56,93 

0,265 

3,942  x 15 

0,54  ±0,08 

0,41  x 0,08 

0,42 

_ a)  Einheic  10  "scra3  fur  M 1 ; 10  51  cm4  fur  C2.  — b)  Andere  Auswertung:  totale 
riache  state  Anpassung  fur  7,477  MeV,  ohne  Korreknir  des  longitudinaien  .Anteils 
fur  8,93  MeV. 
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Fig.  5.  Differential  cross  section  at  90°  of  the  ’Be(d,  /„)UB  reaction  as  a function  of  excitation 
energy  in  llB  at  the  centre  of  the  target.  The  horizontal  bars  show  the  energy  spread  due  to  the 
target  thickness.  The  indicated  errors  for  the  cross  section  do  not  contain  a possible  error  of  the 
absolute  calibration  (estimated  maximum  value  —40  %). 
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Fig.  5.  The  ground  state  transition  cross  section  (scale  on  the  left).  The  smooth  curve  is  the  resuit 
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cross  section,  calculated  by  detailed  balance  (sect.  4)  from  the  experimental  values. 
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Fig.  5.  Excitation  function  of  the  capture  reaction  Li7(a,7t)Bu, 
measurer  I at  90*  to  beam  axis.  Arrows  indicate  position  of  previ- 
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smooth  curve  drawn  through  the  data  points. 
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n 
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(Mo\n 

£,-4,46  MeV 

£,-5.04  MeV 

d1 

[fm-*] 

Q 

CIO-33 

doidfi 

[IQ-32  cm2/sr] 

<7l 

[fm-2] 

a 

110-31 

dofdO 

(10“32c mifsi) 

104,98 

56,99 

0,193 

2,14+0.13 

5,39x0,32 

0,191 

0,57  + 0,06 

1,44  + 0,15 

117,04 

53,25 
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2,23  ±0,11 

3,53  ±0,13 
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1,22  + 0,12 

129,02 
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0,196 

2,54  + 0,13 
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12,64  ±0,74 
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117,04 
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0,146 
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3,19  ±0,19 

0,144 

0,64+0,04 

1,43  + 0,09 

129,02 

44,20 

0,146 

1,78  + 0,11 

2,41  ±0,14 

0,144 

0,96  + 0,07 

1,30  + 0,09 

141,11 

42,36 

0,146 

2,29  + 0.13 

1,66x0,10 

0,144 

1,72+0,12 

1,27  + 0,09 

153,15 

41,36 

0,143 

4,02  + 0,28 

1,32x0,11 

0,146 

3,84  + 0,31 

1,27  + 0,10 

104,98 

41,19 

0,093 

0,60  + 0,05 

3,50±0,2S 

0,097 

0,32  + 0,03 

1.S3  + 0.18 

117,04 

38,50 

0,098 

0,76  ±0,06 

2,76-0,22 

0,096 

0,46  + 0,04 

1,64-0,13 

129,02 

35,47 

0,093 

0,34+0,06 

1,97±0,I6 

0,091 

0,67-0,07 

1,57  + 0,15 

141,11 

35,00 

0,098 

1,25  = 0,07 

1,50  ±0,09 

0,096 

1,16±0,09 

1,39  ± 0, 1 1 

TabeUe  2 Longitudinaler  TL(1,  q)~  und  transuersaier  Tr(/.,  q)~  Wirkungsquerschnitt 


Ql 

(fra*2 1 

Tt(4,  <7> 
ClO-'l 

7Va  a) 

4,46  MeV 

0,098 

4,36±0,35 

1,14  + 0,10 

0,146 

8,76x0,50 

1,65  + 0,10 

0,195 

14,90x0,60 

1,80  ±0,18 

5,04  MeV 

0,096 

0,12±0,22 

1,52  + 0,07 

0,144 

-0,16x0,20 

200-0,06 

0,191 

0,18  ±0,30 

2,22-0,07 

TabeUe  3.  Mefiergebnisse  fur  das  4,46  und  5.04  Me  V-Niueau  in  Bornscher  Ndherung. 
Die  Weisskopf zinheiten  rv  gel  ten  fur  einen  Kernradius  R=  1,2  fm  • A * 


[MeV] 

Ubcrgaag 

BU,*) 

*) 

[fm] 

r? 

CeV] 

4,46 

C2 

1,83  ±0,13 

3, 44  ±0,50 

(17,1  ± 1,6)-  10“3 

8,1 

Ml 

1,07±  0,10 

2,60x0,35 

0,63  ± 0,07 

0,34 

5,04. 

Ml 

1,33  ±0,05 

260  x 0,15 

1,82  + 0,08 

0,63 

Cl 

<3,4-  10~3 

a)  Einheit:  10_slcm4  fur  C 2,  I0~:3cmz  fur  Ml. 
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REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

detector 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,  PI- 

ABX 
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C 140-700 

ACT- 1 

4PI 

50  h> 
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Fig.  3.  Absolute  yields  for  the  measured  reactions. 


Fig.  4.  Experimentally  determined  true  and  integrated  cross  sections.  Theoretical 
calculations  of  the  cross  sections  are  marked  with  dashed  lines. 
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REE.  NO. 

69  Mu  2 


hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  range 

TYO£  RANGE 

G,PG 

SPC 

11-35 

C 24,35 

SCD-D 

G.NG 

SPC 

11-35 

C 24,35 

SCD-D 

V 

COMMENTS 

Conclusions  drawn  in  this  paper  were  modified  in  a 
later  paper.  See  Evans  Hayward,  Robert  B.  Schwartz, 
and  Kenneth  M.  Murray,  Phys.  Rev.  C2,  761  (1970). 


GAMMA  SPECTRUM 
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IQCOOr- 


In  summary:  There  is  evidence  tor  the  (y,«) 
reaction  leaving  B10  in  an  excited  state  (717  keV); 

there  is  no  evidence  oi  population  of  the  7 = 1 
states  in  B10;  and  the  first  excited  state  in  Be10 
at  3366  keV  is  seen  clearly. 

From  these  data  it  appears  that  the  cross  sec- 
tion integrated  from  threshold  to  35  MeV  for  the 
7 = 1 giant  resonance  in  3a  is  considerably 
smaller  than  the  cross  section  over  the  same 
range  for  the  7 = 1 giant  resonance. 
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Abstract  of  the  paper  referred  to  under  "Comments"  on  reverse  side  of  this  sheet 

PHYSICAL  REVIEW  C VOLUME  2,  NUMBER  2 AUGUST  1970 


Comments  on  “Isospin  of  the  B 11  Giant  Resonance” 

Evans  Hayward  and  Robert  B.  Schwartz 
National  Bureau  of  Standards,  Washington,  D,  C.  20234 
and 

Kenneth  M.  Murray 

Linac  Branch,  Nuclear  Physics  Division,  U.  S.  Naval  Research  Laboratory , Washington,  D.  C.  20390 

(Received  4 February  1970) 

It  was  recently -shown  that  in  the  photodisintegration  of  Bu  certain  expected  y rays  were 
missing.  A partial  explanation  is  offered  here  for  the  failure  to  observe  these  transitions. 

It  ts  also  pointed  out  that  no  conclusions  about  the  strength  of  the  T = i giant  resonance  can 
be  drawn  from  this  experiment. 
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Yu.  I.  Sorokin,  V.  G.  Shevchenko,  and  B.  A. 

Yad.  Fiz.  2,  254  (1969) 

Sov.  J.  Nucl.  Phys.  2,  149  (1969) 


METHOO 


Yur 1 ev 


11 


REF.  NO. 


69  So  2 


hmg 


REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANSE 

TYPE  RANGE 

G,P 

ABX 

15-32 

c 15-32 

SCD-D 

4PI 

(31.5) 

(31.5) 

Cross  sections  include  contributions  from  the  (y,d) , (Y)t)>  and  (y,a)  reactions. 


3<T.  pf  * 

3(T.  n>  *• 

3(T.  P)  +* 
-f-3  (T.  n) 

Calculations  based  on  (he  man 
particle  shell  model* •• 

£.  MeV 

E.  MeV 

MeV-mb 

Gy.  MeV-mb 

E.  MeV 

omt,  M«V-mb 

11.7 

3.4 

14.15 

4.3 

(l«.S) — 

0.75 

— 16.5 

2 

3 

18.9 

18.5 

17.1 

3.0 

(-18.0) 

3.6 

-18.2 

2.5 

6.1 

17.9 

19.2 

4 

18  2 

18.4 

(20.2 

5.5 

(20. t) 

2 

7.1 

19.3 

2.6 

21 

7.8 

21.8 

10 

21 

2.5 

12.5 

21 .5 

7.6 

22-0 

3.4 

22.2 

13.4 

(11.3) 

3 

16  4 

23 

17.3 

(24.o) 

3.5 

(24.2) 

4.5 

13 

24.3 

2.7 

2S.o 

23 

(25.4) 

5 

18 

(26.2) 

4 

14 

27.7 

25 

27.3 

4 

30 

28.1 

10.4 

29.1 

5.5 

29.2 

7 

30.3 

4.4 

•Present  work. 

**From(“l. 

•••From (!]  (for  transitions  with  ajnl  > 1 MeV-mb). 

•••“The  parentheses  indicate  maxima  whose  reliability  is  not  entirely  obvious. 


a,  mb 


i]  7i  a r / ~ jj 

I 1 

FIG.  2.  3n  (7,  p)  cross  sections. 


<7.  mb 

JO  r 


FIG.  3.  Experimental  and  calculated  cross  sections  for8“phoco- 
disuitegration.  I - 3"(7.  p)  cross  sections  obtained  in  the  present  work; 
- - B“(7,  n)  dross  sections  from  [ 11  ];  3 - vertical  bars  denote  the  cal- 
culated integral  cross  sections  (MeV-mb)  for  dipole  transitions,  from  ( ’]. 
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| EL  EM.  STM. 


11 


REE.  NO. 


70  Go  2 


hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

oetector 

ANGLE 

TYPE  range 

TYPE  RANGE 

P,G 

ABX 

12-16 

D 0-7 

NAI-D  3-16 

DST 

(0.6-6. 3) 

J-PI.  G- WIDTH  ;l?5  r 

The  differential  cross  section  for  the  v.V'B  reaction  ha*  been  measured  at  90*  for  0.6<£,<6_3 

hfeV.  Compound  resonances  in  ;lB  have  been  located  at  ( 12.17i0.04)-,  12.5o3r0.03-,  12.91  ±0.02-,  1*4.33± 

0.02-,  and  l5.5=0.1-MeV  excitation  energy.  The  last  four  arc  probably  analogs  to’ the  lowest  four  levels 
in  llBe.  Total  widths  and  ground-state  7* ray. widths  of  these  levels  arc  presented.  The  spins  of  the  12.55- 
and  14-33-MeV  levels  are  shown  to  be  J *'(}'’•)  and  respectively. 


Table  I.  Levels  in  UB  from  the  “Bef  p,  70!  “B  reaction. 


Excitation  energy 
(MeV±keV)  ’ 

Proton  energy 
iMeV±keV) 

rajB. 

fkeV) 

(74-4)  OVD  r„ 
(eV) 

J ' 

IV 

(eV) 

r,7i/r,7« 

U2.17±40) 

(t.05±40) 

230±90 

l-8-i^-1 

... 

12. 55  ±30 

1.46±30 

230 ±65 

§+(l*> 

6_,- 

0.25=0.08 

12.91±20 

l.S5±20 

235±27 

17i5 

4“b 

17±5 

<0.06 

14.33±20 

3. 41  ±20 

255±36 

17±5 

p»'n 

8. 5±2. 5 

<0. 1 

15.3±100 

4.5±100 

635±180 

• • • 

... 

* Th«e  values  aasume  that  J ^4-  haa  been  estimated  u described  b Reference  2. 

[n  tbe  text.  * A»umes  that  e.0«i  “-*«■  dir/'Si  (90*1. 


Fie.  5.  Eicitation  function  for 
“Be^,  Angular  distributions  4t 

three  beam  energies  are  shown,  and  the 
dt  for  the  distribution  at  £,  = 3.4  MeV 
is  drawn  for  / = 4-  In  addition  to  the 
relative  error  bars  shown,  there  is  a 30% 
uncertainty  in  the  cross-section  scale. 


Cross  sections  and 
Y-ray  widths  should 
be  increased  by  a 
factor  of  1.7. 


Cross  sections  and 
Y-ray  widths  should 
be  increased  by  a 
factor  of  1.7. 
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Shevchenko,  and  B.A,  Yur'ev  elem.  sym.  (A 
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I 70  So  1 [_  hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,P 

ABX 

11-19 

C 17,19 

EMU-D 

DST 

(11.2- 18.5) 

(16.5,18.5) 

-j  <0  FIG.  1 . Energy  distribution  of  the 
photoprotons  from  the  B‘l  nucleus, 
observed  following  irradiation  with 
. i n bremsstrahlung  7 radiation  having  a 
maximum  energy  E^max  = 16.5  MeV 
\>t  (histogram)  and  the  cross  section  of 
the  8 “(7,  p)Be 10  reaction  (solid  line). 
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FIG.  3.  Cross  section  of  the  reaction  3U(7.  p\Be10  Solid  line  - 
total  cross  section  of  the  reaction:  dashed  line  — cross  section  of  the 
reaction  B“(7.  p)Be10in  the  case  when  the  Be10  nucleus  remains  in  the 
ground  state;  dash-dot  line  - cross  section  in  the  case  when  the  Be10 
nucleus  remains  in  the  first  excited  state. 
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FIG.  4.  Anguiar  distributions  of  the  photoprotons  from  the  B* 1 nu- 
cleus following  irradiation  with  E^max  = 18-5  MeV.  Curves  1 - 13  per- 
tain to  photoproton  groups  with  different  energies  (see  Table  t). 
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FIG.  2.  Energy  distribution  of  the  photoprotons  from  the  B11  m 
cieus,  observed  following  irradiation  at  E^max  = 18.5  MeV. 
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Table  L Approximated  angular  distributions  of  the 
photoprotons  from  the  reaction  B11(y,  pJBe10 


Croup  1 g m,v  i 
aura  cm  | ! 

1 (•> 

Cnop 
man  bar 

Ey.  UflV 

1 (•> 

1 

1.3— IS 

t -f-0.3  sin*9 

8 

3.8— 4.0 

l +0.8  Jin'S 

*» 

1.5— 1.8 

t M-0.6  sin^ 

9 

4.1— 4.3 

1+0.9  Jin'S 

3 

2.1— 2.3 

1 + 0.85  Jin'S 

10 

4.4— 4. S 

1 +0.75  Jin'S 

4 

2.4— 2.3 

t -r-0.6  110*9 

u 

4.7— 4.9 

1+0.83  Jin'S 

S 

2.7— 2.3 

14-0.3  Jin'S 

12 

5.1— 5.3 

1 + 1.5  Jin’S 

3 

3.1— 3.3 

14-0.7  Jin'S 

13 

5. a— 5.3 

1 + Jin'S 

7 

3.4— 3.8 

1 4-0. 95  Jin'S 

Table  V.  Levels  of  the  B11  nucleus  decaying  by 
proton  emission  to  the  ground  state  (reaction 
(•/,  p<j))  and  first-excited  state  (reaction 
(?,  Pi))  of  the  final  nucleus  B10,  and  integral 
cross  sections  o0  and  Oi  of  the  reactions 


(y , p0)  and  (*/,  pt)  which  proceed  with  exci- 
tation of  these  levels 


E*.  UeV 

a e(r.  *J.  M«V-n»b 

*,  (r.  au.  auv-mn 

M«V-raP 

18.2±0.2 

0. 13J-0. 015 
30%  (s.  + :i) 

0.32+0.05 
70%  (5.  + JO 

0.45+0. or 

18.5^0  2 

O.tH-0.02 

0. 19-^0.03 
50%  (3«  1\) 

0.37+0.05 

18.9±0.2 

0.24  to. 03 
55%  (s*  + so 

0.2+0.03 

45%(J.-r«t) 

0.44+0.8 

17.5±0.2 

0.3+0.04 
45%(s.  + «0 

0.38+0.05 
55%(j.  + «d 

0.68+0.9 

Table  H 


(T. 

Pt 

(T.  n) 

r**p  . .v 

(♦. 

o (1 

,V( 

"j 

rUi«of  ^vja,  | £i.(ransaoar 

r».  MaV 

«bit. 

MaV-rab 

£4.  K«V 

MaV-mb 

•U,,cr.»)v 

M<v-rab 

/-7s 

r_. 

£*.  MaV 

rT  taxi). 
• vtJ-'o 

£l 

Ml 

c 

1 

1 c | MeV 

Me  V-<n| 

12.4 

0.11 

12.2 

0.08 

0.17 

14 

. 

r» 

ri 

10 

6;o 

40 

0.3 

! 

, 10  5 

0.1 

12.65 

(4 

1 0.05  1115 

34 

13.1 

0.25 

t3.0 

0.25 

0.5 

43 

14 

13.2 

12 

760 

47 

0 45 

2-SOl 

13- CS 

0.06 

0.38 

30 

IS 

10 

160 

53 

0.0 

0.5  | 14.0 

4 . 4 

14.3 

0.3 

14.55 

30.4 

1 '-j- 

0.-4 

14.75 

0.01 

0.33 

47 

23 

16 

1100 

87 

O.S 

1 14.3 

0.5 

15.1 

0.14 

15.2 

0.6 

0.74 

*4 

42 

2M 

itfio 

72 

0.9 

1 ! 

15.5 

0.53 

(0  (35) 

(1.2) 

(140) 

(70) 

(47) 

15.55 

32.2 

1250 

76 

t . 1 

4—  1 000.1  — 1| 

15. *5 

0.50 

(0.70) 

(1.2) 

(150) 

(75) 

(50) 

1340 

.13 

1.2 

| 1 

18  2 

0.45 

(0  75' 

(1.3) 

(155) 

(77) 

(52) 

14IUJ 

9o 

1.3 

16  5 

0 37 

18.5 

O.s 

1.2 

160 

HO 

SJ 

1510 

94 

I.S 

! 17.0 

11.5 

18.9 

0.44 

(0.85) 

(1.3) 

(180) 

(90) 

(00) 

10.9 

73 

1620 

10U 

1.7 

! *"  7 

8 < 

17.5 

0.66 

(0.9) 

(1.8) 

(240) 

(120) 

(80) 

tsoo 

112 

2.0 

8— 2000.2— X 18  0 

-j:43 

Note.  The  pa/entheie*  canuui  values  that  axe  not  quite  reliable. 
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this  peaking  cannot  be  straightforwardly  accounted  for  in  terms  of  the  interference  be- 
tween the  collective  excitations  dominant  in  this  energy  region. 
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TABLE  I.  Angular  distribution  coefficients. 
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l0B(p,y0)11C  **  0.3* 

l2C(n,  yo)l3C 
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— 0.15*  0.06 

t2C(p,yij)r2N~  0.3b 

2,Si(»,y,)MSi 
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0.2  * 0.24 

0.02*0.1 

wCa(n,y0)‘"Ca 
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-0.06*0.08 
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‘Ref.  13. 

bRef.  14. 
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Angle  (deg)  

FIG.  3.  Angular  distributions  obtained  for  14-MeV  ^(^17)'"’  1 + S 

neutron  capture  leading  to  the  designated  final  states.  1,3  1 

The  horizontal  bars  show  the  angular  widths  subtended 
by  the  capture  targets. 


rONUCLEAR  DATA  SHEET  563 


U.S.  OEP  ABTMENT  OF  COMMERCE 

NATIONAL.  3UREAUOF  STANOARQS 


du cM.  i y M . 


P.T.  Kan,  G.A.  Peterson,  D.V.  Webb, 
J.W.  Lightbody, Jr. , and  S.  Penner 
Phys.  Rev.  Cll,  323  (1975) 

METHOO 


S.P.  Fivozinsky, 


B 


REF.  NO. 


11 


5 


75  Kal 


hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,  E/ 

ABX 

0-  34 

D 52-  90 

MAG-D 

DST 

FIG.  5.  Separated  longitudinal  H'£J,  and  transverse 
U'j.2,  differential  form  factors  squared  (solid  circles) 
and  the  estimated  non-spin-flip  transverse  component 
using  Siegert’s  theorem  (open  circles).  The  transformed 
photoahsovption  cross  section  is  shown  approximated  by 
IlB  (y.  n)  data  (Refs.  5 and  6'  normalized  to  63  j of  the 
TRK  dipole  sum  rule  limit  (dotted  line).  Tiie  indicated 
errors  are  purely  statistical. 


T.'.SI.E  (.  Bound  state  c -oss  set-tier's. 


Level 

(MeV) 

£ ) 

9 

ideg) 

d'j 

aP 

(cmvsr) 

2.12 

77 

75 

13.38x1.5) 

90 

75 

(•1.45x1.7)  > 10*12 

52.3 

145 

(4.95x0.9)  xlO-’3 

5S.0 

145 

(5.38 ±1.9)  xlO*'J 

4.-14 

77 

75 

(1.53  x 0.06> x 10-1’ 

90 

75 

<1.79  = 0.03)  x nr’’ 

52.3 

145 

(1.59  x 0.07)  x io-u 

53.9 

145 

(1.46  x 0.06)  x 10'i: 

5.02 

77 

75 

(1.99  = 0.03)x  ’.O'17 

90 

75 

(1,42  x 0.52) x 10_); 

52.3 

145 

(1.05 x 0.05) x I0'n 

53.9 

145 

(7.39  ± 0.42)  x io'n 

3. 57 

77 

75 

(G.15  = 0.33)  x 10"3J 

90 

75 

(5.7a  ± 0.30)x  10'"* 

52.3 

145 

(4.55=  0.49)x  10~” 

58.9 

145 

(4.39=0.36)x  io’u 

S.93 

77 

75 

(1.12  ± 0.24)  x 10'3: 

90 

75 

(1.02 x 0.19)  x 10-!: 

52.3 

145 

(5.98  x 0.52)  x io'3: 

58.9 

145 

(5.43  = 0.38)  xio*13 

LEVELS  2-13 


FIG.  3 The  radiatively  unfolded  spectra. 
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The  activation  method  has  been  used  to  measure  the  yields  of  the  reactions  J*Si(y,5T“)J,P  and 
"B(y.5r_)* l'C  from  the  T-meson  production  threshold  to  400  MeV.  The  results  obtained  are  in  satisfactory 
agreement  with  theoretical  calculations  based  on  the  model  of  surface  production  of  mesons. 
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of  Rat.  2,  and  the  triangles  are 
data  from  the  Ukrainian  Pbyslco— 
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Yields  for  the  ‘'B(y,  jt~)  reaction  have  been  measured  between  its  threshold  at  14X0  MeV  and  169  MeV  by 
observing  the  residual  "C  activity.  The  reaction  was  initiated  by  thin-radiator  biamsstrahlung.  Measurements 
were  made  in  1 MeV  steps  up  to  IJO  MeV,  and  in  larger  steps  above  this.  The  present  results  are  consistent 
with  previous  data  for  this  reaction  obtained  at  higher  energies.  The  cross  section  values  near  threshold 
deduced  from  the  data  are  compared  to  recent  preliminary  theoretical  values. 


FIG.  9.  The  solid  Line  and  3olld  points  are  the  present 
cross  section  results.  The  two  open  circle  points  are 
the  results  of  Hughes  and  March  (Ref.  3),  the  two  open 
triangle  points  are  the  results  of  Dyal  and  Hummel  (Ref. 
4),  the  dashed  curve  Is  from  the  work  of  Nydahl  and 
Forkman  (Ref.  6),  while  the  open  square  point  la  due 
to  Noga  et  al . (Ref.  7) . 


FIG.  8.  The  solid  curve  is  the  best-fit  three-step 
cross  section  taking  the  same  slope  per  unit  height  as 
that  measured  (Ref.  11)  for  (he  ,:C(y,x~)  ground  stale 
transition.  The  vertical  bars  are  the  preliminary  theo- 
retical results  of  Koch  aud  Donnelly  (Ref.  21).  The 
dashed  curve  Is  the  best-fit  three-step  cross  section 
with  horizontal  steps. 
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mechanism  of  such  reactions.  * 
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Table  3.  Comparison  between  erperimentaily  determined  and  calcuJated  cross  sectioos  of  ’Be  and  "C  photo- 
pr.vLuction  and  indication  of  the  dominant  reaction  channels 
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The  radiative  widths  of  the  2.125,  4.445,  5.020.  7.285  and  8.920  MeV  levels  in  11  B were  determined  rather  accurately  by 
the  resonance  fluorescence  self-absorption  method  using  bremsstrahlung  from  a betatron.  The  results  are  very  useful  Tor 
the  calibration  of  the  bremsstrahlung  spectrum  multiplied  by  the  detection  efficiency  <V(£\,).£(£7),  which  is  necessary  in 
the  determination  of  level  widths  by  the  resonance  fluorescence  scattering  method  which  is  far  more  versatile  than  the 
self-absorption  method.  An  example  using  such  a procedure  is  given  of  determining  the  8.091  MeV  level  of  5 Cr. 


Table  1 

Level  widths  of  11  B determined  by  the  present  experiment1. 
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4 The  level  energy,  spin,  parity  and  branching  ratio  (T,  /",)  were  taken  from  ref.  4 except  for  the  branching  ratio  of  the 

5.020  MeV  level  obtained  from  our  measurement. 
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(4.4-13.) 

Inelastic  electron  scattering  has  been  used  to  measure  the  Coulomb  form  factors  of  the  excited  states  of  DEL  QO.7-1.6  FM-1 

the  "B  nucleus  at  excitation  energies  o>  =»  44,  6.7,  $.5,  6.9.  and  13  MeV.  The  measurements  were  made  ~ 

at  initial  electron  energies  = 121,  1 36.  and  230  MeV  m the  momentum-transfer  region  q'  = 0.7-1. 6 

F-1  The  data  obtained  for  discrete  low-lying  levels  are  discussed  in  terms  of  the  excited-core  model,  and 

the  resonances  beyond  threshold  are  discussed  in  terms  of  a diagram  model  of  nuclear  excitation. 


PACS  numbers:  23.30.Cg,  27.20.  ■+■  n 


FIG.  1.  Spectra  of  electrons  Use  lit  . ideally  scattered  by  u3  at 
Initial  energies  £,  and  scattering  angles  9 . 


IFV‘ 


t'.F' 

FIG.  2.  Inelastic  form  factors  for  excited  states  of  the  n3 
nucleus  as  a function  of  momentum  transfer. 
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DEFINITIONS  OF  ABBREVIATIONS  AND  SYMBOLS 


Note:  In  this  list  definitions  are  given  for  various  photoneutron 

reactions  in  which  the  following  symbols  are  used:  N,  NL,  nN,  SN  and  XN. 

Corresponding  definitions  apply  for  reacti ons  invol ving  other  nuclear  particles 
where  the  symbols  N (neutron)  is  replaced  by,  e.g.  P,  D,  T,  HE,  A etc.  Where 
unknown  reactions  result  in  the  production  of  a specific  radionuclide,  the 


chemical  symbol  and  mass  number  is  listed 
reaction  in  59q0. 

A alpha  particle 

ANAL  analysis 

ABI  absolute  integrated  cross-section 

data 

ABX  absolute  cross-section  data 

ABY  absolute  yield  data.  Often  means 

cross-section  per  equivalent 
quantum  is  listed. 

ACT  measurement  of  induced  radio- 

activity of  the  target 

ASM  asymmetric,  asymmetry 

AVG  average 

BBL  bubble  chamber 

BEL  reduced  electric  radiative 

B ( EL ) transition  probability 

BF3  BF3  neutron  counter  with  moder- 

ator e.g.,  Halpern  detector, 
long  counter 

BML  reduced  magnetic  radiative 

transition  probability,  B ( ML ) 

BREAKS  levels  located  by  "breaks"  in  the 

yield  curve 

BRKUP  breakup 

BRMS  bremsstrahlung 

BTW  between 

C continuous.  Used  to  describe  a 

photon  source  or  a detector 


as  the  reaction  product,  e.g.  a G,NA22 

response  function.  Contrast 
with  D = discrete. 

CCH  cloud  chamber 

CF  compared  with 

CHRGD  charged 

CMPT  Compton 

COIN  coincidence,  coincide 

COINC 

COH  coherent 

CK  Cerenkov 

D deuteron  or  discrete.  When 

discrete,  it  is  used  to 
describe  a photon  source  or 
a detector  response  function. 
Contrast  with  C = continuous. 

DLTE  energy  loss 

DLTQ  momentum  transfer 

DST  distribution 

DT  BAL  detailed  balance 

E electron 

E/  inel astical ly  scattered 

electron 

E+  positron 

EDST  energy  distribution  or 

spectrum 

E/N  used  only  to  indicate  a coinci 

dence  experiment  as  in  ( E , E/N ) 
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EMU 

EXCIT 

F 

FMF 

FM-1 


N stands  for  any  outgoing 
particle  measured  in  coinci- 
dence with  an  inelastically 
scattered  electron.  Distin- 
guish from  eg.,  (E,N)  which  is 
used  to  represent  an  electron 
induced  reaction  when  only  the 
outgoing  particle  N is  detected. 

emulsions  (photographic  plates) 

exci ted 

fi ssi on 

form  factor 

inverse  femtometers 


FRAG 

G 

6/ 

G-WIDTH 

HAD 

HE 

He3 


fragment 

photon 

inelastically  scattered  photon 
gamma-ray  transition  width 
hadrons,  hadron  production 
^He  particle 


I NT  interaction,  integral, 

intensity 


INC  includes 


ION  ionization  chamber 


I SOB  isobaric 


ISM  isomer 

J multiplicity  of  particle 

defined  by  following  symbol 
e.g.  (G,PJN)  with  remark 
J = 2, 3, 5, 7 

J P I spin  and  parity  of  a nuclear 

J-PI  state 


K second  multiplicity  index,  e.g. 

(G,JPKN)  with  both  J & K posi- 
tive integers  greater  than  1 


KE  kinetic  energy 

L may  be  an  integer  or  zero 

that  always  follows  a reaction 
product  symbol.  This  is  used 
to  indicate  transitions  to 
specific  states  in  the  residual 
nuclide.  When  the  letter  is 
used  as  in  (G,NL)  the  cross 
section  given  is  that  for  the 
sum  of  transitions  to  two  or 
more  specific  final  states. 

LFT  excited  state  lifetime 

LIM  limit 

LV ,LVS  level,  levels 

LQD  liquid 

MAG  magnetic  spectrometer 

MEAS  measurement! s) 

MGC  magnetic  Compton  spectrometer 

MGP  magnetic  pair  spectrometer 

MOD  moderated  neutron  detector  not 

employing  a BF3  counter,  e.g. 
rhodium  foil,  Szi 1 ard-Chal mers 
reaction,  ^He,  6Li  reactions, 

GD  loaded  liquid  scintillator, 
etc. 

MSP  mass  spectrometer 

MULT  multiple,  multi  pole,  multiplicity 

MU-T  used  only  in  combination  with  G 

to  indicate  a total  photon 
absorption  cross  section  measure- 
ment, i.e.  ( G , MU-T ) 

N neutron  (see  also  XN  and  SN). 

The  notation  (G,N)  is  used  to 
i ndi cate  a reacti on  i n whi ch  only 
a single  neutron  is  emitted,  i.e. 
the  reaction  that  can,  in  many 
cases,  be  measured  by  observing 
the  radioactive  decay  of  the 
residual  nuclide. 
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nN 


NAI 

NEUT 

NOX 

P 

PART 

PHOT 

PI 

POL 

Q-SQUAR 

RCL 

REL 

RLI 

RLX 

RSP 

RLY 

SCTD 

SCD 

SCI 

SEP 

SEP  ISOTP 
SIG 


where  n is  any  integer.  (G,nN) 
indicates  the  sum  over  all 
reaction  cross  sections  in  which 
n neutrons  are  emitted. 

Nal(Tl)  spectrometer 

neutron(s) 

no  cross-section  data 
proton  (see  also  XP) 
parti  cl e(s) 
photon(s) 

pion,  usually  written  as  PI+, 
PI-,  PIO  to  indicate  charge 

polarized  or  polarization 

momentum  transfer  squared  (q2) 

recoi 1 

relative 

relative  integrated  cross- 
section  data 

relative  cross-section  data 
reaction  spectrometer 
rel ati ve  yi el  d data 
scattered 

semiconductor  (solid  state) 
detector 

scintillator  detector  other  than 
Nal , e.g.,  Csl,  KI,  organic 
(liquid  or  solid),  stilbene,  He 

separati on 

separated  isotope  used 
SIGMA  (cross  section) 


SN  sum  of  neutron  producing 

reactions,  a( y,SN)=a(y ,N) 

+ a(y,NP)  + cr  (y  ,2N ) + a(y,3N) 
+ etc. 

SPC  photon  or  particle  energy 

spectrum 

SPK  spark  chamber 

SPL  spallation 

STAT  statistical 


SYM  symetric,  symmetry 

T triton 


TEL  counter  telescope 

THR  threshold  for  reaction  or 

threshold  detector,  e.g., 
29Si(n,p)29Al . 

TOF  time-of-fl i ght  detector 

TRK  tracks  of  particles  or  frag- 

ments observed  in  solid 
materials  (glass,  mylar,  etc.) 

TRNS  transition 

UKN  unknown 

UNK 


VIB  vibrational 

VIR  PHOT  virtual  photon(s) 

XN  all  neutrons,  total  neutron 

yield,  a(y,XM)  = a(y,N)  + 2a 
(Y,2N)  + 3a(y ,3N ) +a(y,NP)  + etc. 

XP  all  protons,  total  proton  yield 

a(Y,XP ) = a(y,P)  + cr(y,NP)  + 
2a(Y,2P)  + etc. 

XX  reaction  products  defined  in 

XXX  REMARKS 

YLD  yield 
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4PI  a 4 tt  geometry  was  used  or  a 

method  like  radioactivity  or  a 
total  absorption  measurement 

999  energy  defined  in  REMARKS  * or  @ 

$ indicates  the  measurement 

involved  beams  or  targets 
that  were  either  polarized 
or  aligned,  or  that  the  polar- 
ization of  the  reaction 


products  was  determined. 

The  polarized  particle  is 
indicated  in  REMARKS. 

symbols  used  to  indicate  that 
the  units  associated  with  the 
numerals  on  one  or  both  sides 
of  the  symbol  in  a specific 
column  are  not  MeV.  The  units 
are  defined  in  REMARKS. 
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